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GEOLOGY  AND  OIL  RESOURCES  OF  THE 
SANTA  MARIA  OIL  DISTRICT.  SANTA 
BARBARA  COUNTY,  CAL. 


By  Ralph  Arnold  and  Kobert  Anderson. 


INTRODUCTIOJS^. 

PURPOSE    OF    THIS    REPORT. 

During  the  last  three  years  the  region  near  the  Pacific  coast  in  the 
northern  part  of  Santa  Barbara  County,  Cal.,  has  shown  promise  of 
becoming  one  of  the  most  productive  oil  fields  of  the  West,  if  not  of 
the  whole  United  States.  The  developed  fields  lie  on  the  low,  rolling 
hills  between  the  Santa  Maria  and  Lompoc  valleys,  where  the  oil  has 
accumulated  in  great  abundance  in  the  Monterey  shale,  of  middle 
Tertiary  age,  which  underlies  this  region.  The  lightness  of  the  oil, 
which  averages  from  25^  to  27^  Baum^,  and  the  great  productiveness 
of  the  wells,  which  yield  as  high  as  3,000  barrels  a  day,  with  an 
average  of  300  to  400  barrels,  are  among  the  features  for  which  the 
district  has  become  noted.  Large  areas  in  the  same  general  region 
as  the  productive  fields  have  been  known  for  some  time  to  be  analo- 
gous, so  far  as  surface  evidence  went,  to  the  proved  territory,  and  it 
was  thought  that  geologic  investigations  of  the  region  might  furnish 
valuable  information  and  aid  in  the  extension  of  developments. 
Accordingly,  with  the  purpose  of  studying  the  occurrence  of  the  oil, 
the  extent  and  structure  of  the  oil-bearing  formations,  and  their  rela- 
tions to  associated  formations,  the  writers  carried  on  the  field  work 
leading  to  the  present  report  during  the  summer  and  autunm  of 
1906.  The  geology  of  the  region  covered  by  the  accompanying  geo- 
logic map  (PI.  I,  in  pocket)  has  not  been  completely  studied  in  all 
parts.  Between  the  San  Rafael  and  Santa  Ynez  ranges  it  has  been 
worked  with  considerable  detail,  but  the  mapping  of  the  mountainous 
regions  has  been  more  in  the  nature  of  a  reconnaissance  outside  of 
the  areas  of  the  Monterey  formation. 

A  preliminary  paper  containing  the  features  of  this  report  most 
immediately  pertinent  to  the  oil  developments  and  an  outline  map 
has  been  published  as  Bulletin  No.  317  of  the  United  States  Geolog- 
ical Survey. 

•  •••••*  *        * 
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Little  attention  has  been  given  heretofore  to  the  geology  of  the 
Santa  Maria  district.  The  earliest  work  was  done  by  Thomas  Anti- 
sell,  with  the  assistance  of  observations  by  Albert  H.  Campbell,  in 
the  course  of  the  explorations  and  surveys  for  the  Pacific  Railroad 

— ■  I  ■     1 1  -^ 

a  The  geology  of  Point  Sal:  Bull.  Dept.  Geol.,  Univ.  California,  vol.  2, 1896,  pp.  1-92. 
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in  the  early  fifties.**  In  the  report  on  this  work  the  larger  topo- 
graphic features  were  well  described,  the  presence  of  asphaltic  rocks 
was  briefly  noted,  and  the  Tertiary  age  of  most  of  the  sedimentary 
rocks  was  recognized,  but  the  structural  features  and  the  relations  of 
the  rocks  were  in  the  main  misinterpreted. 

During  the  course  of  the  geological  survey  of  California  by  J.  D. 
Whitney  a  hasty  reconnaissance  was  made  of  a  part  of  this  region.* 
He  says  in  his  report: 

The  region  to  the  west  of  the  San  Rafael  Range,  between  the  Santa  Ynez  and  Cuya- 
mas  rivers,  was  cursorily  examined  by  our  party.  *  *  *  The  region  is  occupied 
by  hills  of  moderate  height.  No  metamorphic  rock  was  seen;  but  pebbles  of  serpen- 
tine and  metamorphic  sandstone  were  noticed,  especially  for  3  or  4  miles  north 
of  Alamo  Pintado.  *  *  *  These  hills  were  covered  with  gravel  derived  from  the 
bituminous  slates.  At  times,  especially  near  the  Santa  Maria  River,  the  hills  were 
capped  by  a  modem  horizontal  deposit  (post-Pliocene?).  The  underlying  rock, 
when  seen,  was  the  bituminous  slate,  sometimes  dipping  to  the  north  and  sometimes 
to  the  south. 

Near  Foxen's,  on  the  south  side  of  the  valley,  there  were  hills  of  nearly  horizontal 
strata  from  200  to  300  feet  high,  the  north  slopes  of  which  were  very  steep,  usually 
about  35°.  Beneath  the  soft  sandstone,  which  made  up  the  principal  part  pf  these 
hills,  was  a  stratum  of  infusorial  rock  resembling  chalk  in  appearance,  exceedingly 
light,  its  specific  gravity  not  being  more  than  0.6  or  0.7;  the  thickness  of  this  stratum 
was  over  20  feet.    The  age  of  this  formation  is  not  yet  definitely  ascertained. 

North  of  the  valley,  at  Foxen's,  the  bituminous  slate  occurs  with  a  high  dip  to  the 
north,  and  asphaltum  is  found  in  several  localities  near.  In  places  the  slates  are 
altered  and  silicified,  sometimes  resembling  semiopal  in  appearance,  the  finest  lami- 
nae of  the  original  structure  being  preserved. 

So  far  as  the  writers  are  aware  no  further  investigati(Mi  of  the  geol- 
ogy of  the  region  was  made  until  II.  W.  Fairbanks  made  examina- 
tions of  portions  of  the  Coast  Ranges  and  reported  on  them  for  the 
State  mining  bureau  in  1894.  In  his  paper  on  the  **  Geology  of 
northern  Ventura,  Santa  Barbara,  San  Luis  Obispo,  Monterey,  and 
San  Benito  counties^'  reference  is  made^  to  the  region  under  discus- 
sion, especially  to  the  Santa  Ynez  Mountains.  Regarding  the  Santa 
Ynez  Range  he  says:  '^It  is  formed,  so  far  as  is  known,  of  Miocene 
rocks  exclusively.^'     And  again: 

There  can  be  no  doubt  that  the  main  portion  of  the  Santa  Ynez  Range  is  Miocene 
with  a  general  anticlinal  structure,  well  shown  in  the  San  Marcos  Pass.  The  center 
of  the  anticlinal  is  not  generally  the  highest  portion  of  tlie  range,  but  lies  on  the  east- 
em  slope.  The  normal  type  of  anticlinal  structure  is  also  marked  l^y  an  east  and  west 
compression,  producing  features,  however,  of  secondary  importance. 

As  viewed  from  the  south  at  various  points  the  range  consists  of  heavy-bedded  sand- 
stone, dipping  at  a  high  angle  to  the  south.  *  *  *  At  the  western  end,  in  the  vicin- 
ity of  Point  Arguello,  no  anticlinal  structure  is  apparent,  but  steeply  inclined  and 
broken  strata.  Asphaltum  is  found  in  many  places  near  the  sea  from  Point  Arguello 
to  Ventura  County. 

a  Pacific  R.  R.  Repts.,  vol.  7, 1857,  Chaps.  VIII,  IX,  and  X. 

b  Geological  Survey  of  California,  Geology,  vol.  1, 1865,  pp.  135-138. 

«  Twelfth  Ann.  Rept.  California  State  Mining  Bureau.  1894,  pp.  498-506. 
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The  present  writers  are  in  agreement  with  these  statements  except 
as  regards  the  exclusively  Miocene  age  of  the  rocks,  a  large  part  of 
which  are  here  considered  as  Eocene.  On  page  505  of  Fairbanks's 
article  he  speaks  of  *^  shales  and  sandstones  of  undoubted  Cretaceous 
age"  between  Gaviota  Pass  and  Santa  Ynez  River,  in  the  hills  which 
in  the  present  paper  are  considered  as  part  of  the  Santa  Ynez  Range. 
In  the  very  short  time  spent  in  this  locaUty  the  present  writers 
found  no  evidence  of  the  presence  of  Cretaceous  rocks. 

A  number  of  asphalt  deposits  in  northern  Santa  Barbara  County 
are  described  on  pages  30  to  33  of  the  twelfth  annual  report  of  the 
State  mineralogist,  cited  above.  The  localities  mentioned  are  on 
the  Los  Alamos  grant,  4§  miles  north  of  Harris  station;  along  the 
northern  slope  of  the  hills  bordering  the  Santa  Maria  Valley,  10  miles 
southeast  of  Santa  Maria;  about  2  miles  northeast  of  the  Purisima 
Mission;  along  the  southern  slope  of  the  hills  between  the  Los  Ala^ 
mos  and  Santa  Ynez  valleys  (Purisima  Hills),  especially  on  the  San 
Carlos  de  Jonata  grant;  and  in  poorer  and  less  known  deposits  at 
Gaviota  Landing,  at  Point  Arguello,  near  the  mouth  of  Canada 
Honda,  and  at  other  points  toward  Lompoc  Landing.  Seepages 
out  of  the  bituminous  ''slate''  (shale)  series  are  mentioned  as  occur- 
ring in  the  canyon  of  the  Sisquoc,  about  in  the  center  of  the  Sisquoc 
grant,  along  Labrea  Creek,  and  near  the  west  end  of  the  Tinaquaic 
grant. 

By  far  the  best  observations  recorded  up  to  1896  regarding  the 
geology  of  this  region  were  those  of  H.  W.  Fairbanks,  published  in 
h'lH  paper  on  the  ''Geology  of  Point  Sal.""  He  gives  a  detailed  de- 
scri[>tion  of  the  igneous  and  sedimentary  formations  occurring  at 
th<^  Heuward  (»>nd  of  the  hills,  termed  in  the  present  report  the  Cas- 
maliallills.  In  speaking  of  the  even  summit  line  of  the  Point  Sal  Ridge 
he  says: 

Th(?  regularity  iH  due?,  in  part  at  least,  to  the  fact  that  the  strata  on  the  summit  are 
nearly  flat  and  compoBCKl  of  the  rt^sistant  Miocene  flints,  while  on  the  southern  slope 
the  bituminous  shah^s  are  followed  in  descending  order  by  a  great  thickness  of  gypsif- 
erous  clays,  in  which  broad  valleys  have  been  eroded.  Lower  down  toward  the 
ocean  the  clays  are  replaced  by  strata  of  volcanic  ash,  sandstone,  and  conglomerate, 
in  which,  because  of  their  greater  resistance,  canyons  have  been  eroded.  The  strata 
of  volcanic  ash  form  very  striking  features  in  the  landscape  on  the  lower  slopes  of  the 
ridge;  being  interbedded  with  soft  clays  they  weather  out  in  cliffs  and  projecting 
ridges. 

In  outlining  the  geology  of  the  region  of  Point  Sal  Ridge,  Fair- 
banks says: 

The  region  about  the  point  itself  has  been  the  scene  of  many  violent  disturbances 
and  repeated  eruptions  of  basic  magmas.  A  part  of  these  consolidated  as  surface 
flows,  while  others  have  the  characters  of  deep-seated  rocks. 

The  sedimentary  strata  comprise  only  the  Pleistocene,  Miocene,  and  Knoxville. 
*    *    *    The  Miocene  is  the  most  extensive  formation  represented.    *    *    *    It  is 

a  Bull.  Dept.  Geology  Univ.  Cftlifomia,  vol.  2,  No.  1, 1896,  pp.  1-92. 
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divisible  into  two  distinct  parts — the  upper,  the  bituminous  shales,  and  the  lower, 
the  gypsiferous  clays.  Below  the  clays  are  sandstone,  shales,  and  conglomerates 
resting  on  the  gabbro  and  serpentine.  *  *  *  The  strata  of  volcanic  ash  appear  in 
the  lower  Miocene  beds.  There  are  three  distinct  horizons,  the  lowest  resting  on  the 
gabbro. 

The  igneous  rocks  are  treated  in  especial  detail  in  this  paper  and 
a  very  good  description  is  given  of  the  bituminous  shales.  The  con- 
clusions of  the  present  writers  are  in  agreement  with  the  statements 
above  quoted  and  the  others  contained  in  Fairbanks's  paper. 

In  1901  George  H.  Eldridge  gave  an  admirable  general  outline 
of  the  topography  and  geology  of  the  country  surrounding  the 
Santa  Maria  field  in  his  treatise  on  ''The  asphalt  and  bituminous- 
rock  deposits  of  the  United  States/^  and  discussed  in  detail  its  asphalt 
deposits.®     He  says  : 

The  geology  of  the  region  embraces  an  underlying  series  of  folded  Monterey  shale 
of  both  the  soft  and  more  organic  material  and  that  which  is  hard  and  siliceous,  but 
the  former  predominates.  So  far  as  obsers-ed  by  the  writer  this  series  of  beds  was 
not  exposed  at  any  point  in  its  entirety.  Overlying  the  Monterey  unconformably, 
and  especially  developed  in  La  Graciosa  Hills,  is  the  heavy  and  extensive  deposit  of 
Pliocene  sands,  grits,  and  conglomerate  already  referred  to.  The  composition  of  the 
later  deposit  is  chiefly  quartzose. 

Eldridge  '*  observed  a  prevailing  central  fold  somew^hat  to  the  north 
of  the  topographic  axis  of  the  ridge  ^'  south  of  Waldorf,  in  the  Cas- 
malia  Hills,  this  being  no  doubt  the  fold  described  in  the  present  report 
as  the  Schumann  anticline.     He  says  further: 

The  Pliocene  *  *  *  shows  a  less  degree  of  folding  than  the  underlying  Mon- 
terey, yet  the  movement  that  produced  the  pre-Pliocene  ridge  has  apparently  been 
continued  subsequent  to  the  deposition  of  the  materials  of  this  age,  for  gentle  dips 
of  from  2**  to  10°  are  to  be  observed  in  the  later  formation. 

In  discussing  the  country  east  of  Los  Alamos,  between  the  San 
Rafael  Range  and  the  Santa  Ynez  Valley,  which  he  calls  the  Los 
Alamos  region,  Eldridge  says: 

In  structure  the  Los  Alamos  region  presents  a  series  of  folds  which  are  in  general 
coincident  with  the  topographic  ridges  and  valleys.  *  *  *  It  is  worthy  of  note  that 
the  valleys  of  the  region  under  consideration  for  the  most  part  occupy  the  synclinal 
troughs.  It  is  possible  that  some  of  them  also  occupy  fault  lines.  *  *  *  The  gen- 
eral trend  of  the  folds  for  the  Los  Alamos  district,  and  indeed  for  a  great  stretch  of  coun- 
try beyond,  is  N.  70°  to  80°  W.,  the  dips  being  north  and  south.  Excepting  in  their 
trend,  however,  there  is  but  little  regularity  in  the  disposition  of  the  folds,  and  their 
ax€^,  both  longitudinal  and  transverse,  vary  greatly  in  length.  In  addition  to  the 
main  and  conspicuous  folding  that  has  been  described,  there  are  frequent  crumples 
of  minor  importance. 

In  another  place  Eldridge  mentions  a  lens  of  limestone  included 
in  the  serpentine  in  a  high  bluff  just  north  of  Alamo  Pintado  Creek, 
along  the  old  beach  line  where  the  Fernando  was  deposited  upon  the 
Franciscan  at  the  base  of  the  San  Rafael  Mountains.     This  lime- 


•Twenty-seoond  Ann.  Rept.  U.  S.  Geol.  Survey,  pt.  1,  1901,  pp.  424-441, 
1784— Bull.  322—07 2 
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stone  was  composed  largely  of  Pliocene  shells,  as  determined  by 
Doctor  Dall.  Eldridge  remarks:  *^In  view  of  the  supposed  age  of 
the  serpentine,  it  is  thought  that  the  deposit  was  formed  by  the 
accumulation  of  sediment  and  shells  in  a  crevice  of  the  older  rocks 
at  the  time  they  perhaps  formed  the  sea  bluffs." 

The  same  writer  published  a  brief  summary  of  his  knowledge  con- 
cerning the  Santa  Maria  district  in  1903.** 

The  San  Luis  folio,''  by  H.  W.  Fairbanks,  issued  in  1904,  contains 
much  that  relates  to  the  district  in  general,  although  it  pertains 
directly  only  to  the  part  containing  the  Arroyo  Grande  field.  It 
is  the  most  comprehensive  report  concerning  the  northwestern 
part  of  the  Santa  Maria  district  yet  published. 

The  present  writers  have  published  two  papers  concerning  the 
geology  and  economic  resources  of  the  Santa  Maria  district.  The 
first  is  entitled  '^Diatomaceous  deposits  of  northern  Santa  Barbara 
County,  Cal.,"'^and  the  second  *' Preliminary  report  on  the  Santa 
Maria  oil  district,  Santa  Barbara  County,  Cal."^  A  third  paper 
treating  more  in  detail  the  burning  of  the  shale  is  '^Metamorphism 
by  combustion  of  the  hydrocarbons  in  the  oil-bearing  shale  of 
California,"  to  be  published  in  the  Journal  of  Geology. 

EARLY  HISTORY  OF  THE  DISTRICT. 

The  Santa  Maria  district  was  up  to  1899  entirely  unknown  as  an 
oil-producing  territory.  To  Messrs.  McKay  and  Mulholland,  of  Los 
Angeles,  is  due  the  credit  for  starting  operations  in  the  Santa  Maria 
field  proper.  After  a  favorable  report  had  been  made  by  Mr. 
Mulholland  on  certain  lands  of  the  Careaga  ranch,  the  Western  Union 
Oil  Company  was  organized,  drilled  three  prospect  holes,  and  was 
finally  rewarded  in  August,  1901,  by  striking  paying  quantities  of 
oil  in  the  third  well.  In  1902  the  Pinal  Oil  Company,  of  Santa  Maria, 
began  operations  on  the  north  side  of  Graciosa  Ridge,  and  meeting 
with  marked  success  was  followed  by  the  many  other  companies 
that  have  since  undertaken  operations  in  this  field. 

Successful  wells  were  drilled  in  the  Ijompoc  field  in  1904,  and  since 
that  time  the  further  development  of  this  part  of  the  district  has 
been  assured.  A  later  field  to  attract  attention  is  that  adjacent 
to  the  town  of  Arroyo  Grande,  where  development  is  well  under  way, 
being  stimulated  by  the  completion  of  the  successful  Tiber  well 
No.  1  late  in  1905.  Prospecting  is  now  (January.  1907)  going 
forward  in  the  Huasna  field  east  of  the  Arroyo  Grande  field,  and  the 
operators  there  confidently  expect  to  develop  productive  wells. 

a  Contributions  to  economic  geology,  1902:  Bull.  U.  S.  Geol.  Survey  No.  213, 1903,  p.  313. 
*  Geologic  Atlas  U.  S..  folio  101,  U.  S.  Geol.  Survey.  1904. 
cBull.  r.  S.  Geol  Survey  No.  3\r>,  1907,  pp.  438-447. 
dBulJ.U.  S.  Geol.  Survey  No.  317,  1907,  pp.  1-69,  2  pis.,  1  flg. 


SANTA   MABIA   OIL   DISTRICT,   CALIFORNIA.  15 


GEOGRAPHY  AlVD  TOPOGRAPHY. 

LOCATION. 

The  region  discussed  in  tliis  paper  is  situated  on  the  CaUfornia  coast 
in  Santa  Barbara  County,  between  120°  and  120°  40'  west  longitude 
and  34°  30'  and  35°  north  latitude.  In  areal  extent  it  is  about  1,300 
square  miles  and  it  practically  covers  the  Lompoc  and  Guadalupe 
quadrangles  as  topographically  mapped  by  the  United  States  Geo- 
logical Survey.  It  includes  portions  of  the  San  Rafael  and  Santa 
Ynez  divisions  of  the  Coast  Ranges  and  the  basin  region  lying  between 
them,  which  is  occupied  by  the  Santa  Maria,  Los  Alamos,  and  Santa 
Ynez  valleys  and  the  intervening  hill  ranges.  It  is  bordered  on  the 
north  by  the  San  lAiis  Obispo  County  line,  on  the  west  and  south  by 
the  Pacific  Ocean,  and  on  the  east  by  the  Santa  Ynez  quadrangle, 
which  covers  the  high,  wild  mountains  north  of  Santa  Barbara.  On 
its  west  coast  are  Point  Sal  and  Point  Arguello,  and  the  south  coast 
includes  Point  Conception  and  part  of  the  long,  straight  shore  line 
that  runs  due  east  from  that  point  toward  Santa  Barbara.  These  are 
among  the  most  prominent  coastal  features  of  California. 

The  region  is  thoroughly  intersected  by  roads,  except  in  some  of 
the  uninhabited  portions.  The  Southern  Pacific  Railroad  coast  line, 
part  of  the  transcontinental  system,  extends  close  to  the  ocean  entirely 
around  two  sides  of  the  area,  and  the  Pacific  Coast  Railroad,  a  local 
line  from  Port  Harford  and  San  Luis  Obispo,  runs  into  the  region  as 
far  as  Los  Olivos  via  Santa  Maria.  A  rough  estimate  would  place 
the  number  of  inhabitants  of  this  region  between  5,000  and  10,000. 

The  Arroyo  Grande  and  Huasna  oil  fields,  in  the  San  Luis  quad- 
rangle, San  Luis  Obispo  County,  are  also  briefly  mentioned,  although 
not  a  part  of  the  region  whose  general  features  are  described  in  this 
report. 

DEFINITIONS  OF  PLACE  NAMES. 

The  following  list  defines  certain  place  names  as  used  on  the  map 
and  in  this  report.  The  two  main  mountain  ranges  have  heretofore 
been  indefinitely  designated      The  other  names  are  newly  applied. 

The  only  land  comprised  within  the  Guadalupe  quadrangle  is  the 
narrow  strip  of  coast  west  of  longitude  120°  30'  W.  The  Lompoc 
quadrangle  covers  the  rest  of  the  area  shown  on  the  map  east  of  that 
line. 

The  San  Rafael  Mountains  include  the  whole  group  between  Santa 
Ynez  and  Cuyama  rivers. 

The  Santa  Ynez  Mountains  include  the  whole  range  east  of  Point 
Arguello  between  Santa  Ynez  River  and  the  ocean. 
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The  Casmalia  Hills  include  the  group  extending  from  the  coast  at 
Point  Sal  to  Graciosa  and  Harris  canyons  and  San  Antonio  Valley. 

The  Solomon  Hills  lie  between  the  Santa  Maria  Valley,  Foxen 
Canyon,  and  the  Los  Alamos  Valley,  and  between  Divide  and  La 
Zaca  Creek. 

The  Purisima  Hills  lie  between  Lompoc,  the  Santa  Rita  Valley,  and 
the  Santa  Ynez  Valley  on  the  south  and  the  Los  Alamos  Valley  on 
the  north,  and  between  Burton  Mesa  on  the  west  and  Alamo  Pintado 
Creek  on  the  east. 

The  Santa  Rita  Hills  lie  between  the  Santa  Ynez  and  Santa  Rita 
valleys,  extending  from  a  point  east  of  Lompoc  nearly  to  the  east 
edge  of  the  Santa  Rosa  grant. 

The  name  San  Antonio  terrace  is  applied  to  the  wide  terraced  region 
between  Casmalia  and  the  west  end  of  the  Los  Alamos  Valley. 

The  Lompoc  terrace  is  the  plateau-like  region  of  hills  extending 
from  the  coast  a  distance  of  about  5  miles  east  from  Honda  and  the 
same  distance  southeast  from  Surf. 

In  1896  H.  W.  Fairbanks  used  the  names  ''Point  Sal  Ridge"  for 
the  axis  of  the  hills  between  Mount  Lospe  and  Point  Sal,  and  ''Lions 
Head''  for  a  high,  rugged  mass  of  serpentine  on  the  x>oast  south  of 
Point  Sal.     These  features  are  so  named  here. 

RELIEF. 
GENERAL   STATEMENT. 

The  general  character  of  the  region  covered  by  the  Lompoc  and 
Guadalupe  quadrangles  is  that  of  a  triangular  hilly  basin  opening 
out  to>Yard  the  coast  between  two  divergent  ranges  of  mountains — the 
San  Rafael  Range  in  the  northeast  portion  of  the  area  and  the  Santa 
Ynez  Range  bordering  it  on  the  south.  At  the  east  edge  of  the  area 
mapped  these  ranges  are  divided  only  by  the  valley  of  Santa  Ynez 
River  and  the  foothills  north  of  it.  Farther  west  the  distance  between 
them  grows  to  30  miles  or  more.  The  region  situated  in  this  angle  is 
primarily  a  basin,  owing  its  character  and  the  details  of  its  structure 
to  its  position  between  these  ranges.  This  basin  region,  its  struc- 
ture, and  its  oil  deposits  form  the  principal  subjects  of  discussion  in 
the  present  paper. 

Two  lines  of  hills  and  three  valleys  occupy  this  trough  between  the 
two  main  ranges,  radiating  like  the  intermediate  ribs  of  a  fan  between 
the  lines  that  bound  them.  The  more  northerlv  of  the  two  lines  of 
hills  is  that  of  the  Solomon  and  Casmalia  hills,  which  are  separated 
from  the  San  Rafael  Mountains  by  the  wide  valley  of  Santa  Maria 
River.  The  more  southerly  is  the  range  of  the  Purisima  Hills,  which 
is  separated  from  the  Santa  Ynez  Mountains  by  Santa  Ynez  River. 
These  two  lines  of  hills  are  themselves  divided  by  Los  Alamos  Valley. 
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They  are  topographically  and  structurally  young  ranges,  except  the 
Casmalia  Hills,  at  the  extremity  of  the  northern  line,  which  have  the 
character  of  a  separate  and  old  range. 

8AN    RAFAEL    MOUNTAINS. 

The  most  prominent  topographic  feature  is  the  great  mass  of  the 
San  Rafael  Mountains  on  the  northeast  and  east,  25  to  30  miles 
back  from  the  ocean.  The  structural  trend  of  the  range  is  N.  50°  W., 
approximately  parallel  with  the  general  course  of  the  lines  of  struc- 
ture in  California,  although  oh  the  whole  more  westerly.  The  range 
runs  obliquely  to  the  north-south  coast  line  west  of  it,  but  farther 
north,  where  the  Santa  Lucia  Range,  its  northward  continuation, 
approaches  the  ocean  the  coast  curves  to  the  northwest  under  the 
control  of  the  mountains. 

Although  the  portion  of  the  San  Rafael  Range  included  within 
the  area  shown  on  PI.  I  (pocket)  composes  a  high,  rugged  maze  of 
ridges  reaching  elevations  that  range  between  2,000  and  4,300  feet, 
this  portion  is  in  the  larger  aspect,  but  subsidary  to  the  main  moun- 
tain group  farther  east,  in  which  altitudes  approaching  9,000  feet 
are  attained.  The  ridges  are  divided  by  steep  canyons,  most  of  which 
cut  transversely  across  the  formations  regardless  of  the  folding  and 
structural  lines.  Rounded  soil-covered  slopes  form  a  considerable 
portion  of  the  part  of  this  range  included  in  the  Lompoc  quad- 
rangle, but  rough,  rocky  slopes  are  likewise  abundant.  The  range 
is  traversed  centrally  by  the  well-graded  canyon  of  Sisquoc  River, 
which  divides  it  into  two  mountain  groups.  On  the  south  and  north 
the  range  is  bounded  by  wider  graded  valleys — those  of  Santa  Ynez 
and  Cuyama  rivers.  The  Santa  Ynez  divides  two  distinct  ranges. 
The  Cuyama  forms  a  more  arbitrary  division  in  the  Coast  Ranges. 
Near  its  mouth,  at  the  point  where  it  reaches  the  area  included  in 
the  accompanying  map,  it  veers  to  the  south  and  cuts  a  narrow  gorge 
across  the  San  Rafael  Mountains  without  regard  to  the  structure. 
The  range  may  be  regarded  as  continuous  across  this  portion  of  the 
river. 

Within  the  triangular  area  mapped  the  high  ridges  and  mountains 
aroimd  Zaca  Lake,  Bone  Mountain,  Tepusquet  Peak,  and  Los  Coches 
Mountain  are  boldly  defined,  with  steep  side  slopes  descending  into 
narrow  canyons,  and  as  a  rule  rounded  summits.  The  broad  ridge 
originating  north  of  Los  Coches  Mountain  and  extending  southeast- 
ward to  North  Fork  of  Labrea  Creek,  where  its  character  is  tem- 
porarily lost  until  it  appears  again  in  Manzanita  Mountain,  is  a 
striking  feature  with  its  long  southwestern  and  abrupt  northeastern 
slopes.  The  seaward  flanks  of  the  range  terminate  rather  abruptly 
in  the  terraces  bordering  the  Santa  Maria  Valley. 
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SANTA   YNEZ   MOUNTAINS. 

The  Santa  Ynez  Mountains  form  a  long,  narrow  range  bordering 
the  Santa  Barbara  Channel  and  bounded  on  the  north  by  the  westward 
flowing  Santa  Ynez  River.  The  trend  of  the  range  is  east  and  west 
and  has  determined  the  unusual  direction  taken  by  the  coast  south 
of  it.  The  range  is  about  9  miles  in  average  width  and  contains  two 
lengthwise  zones.  The  southern  zone  comprises  a  ridge  with  remark- 
ably even  sky  line,  which  rises  directly  from  the  sea.  This  ridge 
increases  in  height  toward  the  east  from  an  elevation  of  1,000  feet 
at  Point  Conception  to  3,800  feet  east  of  Refugio  Pass  and  more 
beyond  the  boundary  of  the  area  mapped.  At  Point  Conception 
the  coast  bends  abruptly  to  the  northwest  around  the  end  of  this 
ridge,  but  north  of  Jalama  Creek  a  similar  ridge,  that  of  the  moimtain 
El  Tranquillon,  follows  the  coast  as  far  as  Point  Arguello,  where  the 
shore  bends  again  abruptly  and  assumes  a  northward  course.  The 
second  zone  lies  between  these  two  coast  ridges  and  Santa  Ynez 
River.  It  has  more  the  nature  of  a  foothill  region,  forming  a  partly 
individual  range  of  hills  and  ridges  separated  from  the  coastal  ridge 
by  longitudinal  valleys.  The  average  slope  from  the  summit  of  the 
range  down  to  the  sea  is  at  an  angle  of  20°  to  30°.  In  places  the 
angle  is  less,  but  on  some  individual  slopes  it  is  greater.  The  width 
of  the  range  on  the  north  of  the  summit  ridge  is  greater  and  the  slope 
more  gentle  and  more  broken  than  on  the  southern  abrupt  slope  to 
the  sea.  Viewed  from  the  ocean  on  the  south  the  range  has  the 
appearance  of  a  steep,  even-topped  breastwork;  from  the  north  it 
appears  as  a  belt  of  discontinuous  hills  and  ridges  grouped  in  front 
of  and  almost  hiding  the  long  culminating  ridge.  The  Santa  Ynez 
Range  forms  the 'most  prominent  elbow  on  the  California  coast. 

The  topography  of  tliis  range  reflects  the  structure  more  than 
does  that  of  the  San  Rafael  Mountains,  and  deformation  within  it 
does  not  appear  to  have  gone  so  far. 

In  the  liigh  mountainous  region  east  of  the  area  mapped,  north 
of  Santa  Barbara  and  south  of  the  south  end  of  the  great  central 
valley  of  California,  centering  at  Mount  Pinos,  lies  the  point  of  con- 
vergence of  all  the  ranges  of  mountains  in  this  part  of  California — 
the  Santa  Ynez  Range  coming  in  from  the  west;  the  San  Rafael 
Range  from  the  northwest;  the  Santa  Lucia  and  San  Jose  ranges 
from  the  country  north  of  Cuyama  River;  the  Mount  Diablo  Range, 
or  easternmost  member  of  the  Coast  lianges,  from  still  farther  north 
of  west;  the  Tehachapi  Range,  running  southwestward  from  the 
south  end  of  the  Sierra  Nevada;  and  the  San  Gabriel  Range,  which 
comes  from  the  southeast  as  the  continuation  of  the  Coast  Ranges 
in  southern  California.  Here  the  northwest-southeast  lines  of 
stnicture,  dominant  throughout  the  major  part  of  the  State,  are  met 
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and  opposed  by  the  east-west  structure  of  the  Santa  Ynez  Range, 
and  the  result  is  this  convergence  of  ranges  with  the  consequent 
formation  of  a  high,  structurally  complex  region.  The  Lompoc 
quadrangle  is  on  the  western  outskirts  of  this  region,  and  the  lines 
of  relief  corresponding  to  the  two  lines  of  structure  are  here  begin- 
ning to  diverge  and  show  their  individuality  in  the  two  boimding 
ranges. 

SANTA    MARIA    VALLEY. 

Santa  Maria  River,  which  takes  its  rise  in  two  profound  valleys 
within  the  San  Rafael  Range,  flows  along  the  foot  of  this  range  at 
the  north  edge  of  the  Santa  Maria  Valley.  This  valley  is  a  wide 
flood  plain  with  an  even  cultivated  floor,  surroimded  by  low  terraces 
that  fringe  the  base  of  the  moimtains  on  the  northeast  and  rise  into 
the  Solomon  Hills  on  the  south.  It  opens  out  to  the  sea  and  forms 
the  southern  part  of  the  low  region  lying  between  Pismo  Beach  in 
San  Luis  Obispo  Coimty  and  the  Casmalia  Hills. 

CASMALIA   HILLS. 

The  most  prominent  feature  of  the  landscape  south  of  the  Santa 
Maria  Valley  is  a  long  ridge  with  a  level  sky  line  running  northwest- 
ward out  to  the  ocean  at  Point  Sal.  This  is  the  high  ridge  of  the  Cas- 
malia Hills,  which  rises  abruptly  from  the  Santa  Maria  Valley.  Its 
highest  point  is  Moimt  Lospe,  1,624  feet  above  the  sea.  The  slope 
up  to  this  ridge  from  the  valley  on  the  northeast  is  steep,  but  on  the 
north  the  rise  is  more  gradual  over  wide  slopes  of  dime  sand.  On 
the  southeast  the  ridge  declines  as  it  approaches  Schumann  Pass 
the  low  divide  over  which  the  railroad  crosses  from  the  Santa  Maria 
Valley  to  Schumann  Canyon;  on  the  south  it  forks  into  successive 
ridges  which  slope  gradually  into  terraced  hilltops  bordering  Schu- 
mann Canyon;  on  the  west  it  drops  off  abruptly  into  steep,  rocky 
declivities  that  fringe  the  sea  in  the  neighborhood  of  Point  Sal.  The 
ridges  continue  southeastward  opposite  Schumann  Pass  as  far  as 
Graciosa  Canyon,  where  they  sink  imder  more  recent  sand  formations 
and  lose  their  character.  South  of  Schumann  Canyon  the  terraced 
slope  continues  in  the  San  Antonio  terrace  as  a  wide  plateau  locally 
intersected  by  sharply  defined  U-shaped  canyons.  The  Casmalia 
Hills,  particularly  that  portion  north  of  Schumann  Canyon,  have  a 
distinct  individuality  among  the  topographic  features  of  the  basin 
region,  and  may  be  regarded  as  a  separate  although  small  range 
alUed  in  age  and  character  with  the  bounding  ranges.  It  is  conform- 
able in  trend  with  the  San  Rafael  Mountains  and  forms  a  prominent 
headland  jutting  out  to  sea. 

Most  of  the  ridges  in  these  hills  follow  the  strike  of  the  beds. 
Their  summits  are  characteristically  of  gentle  incline;  the  side  slopes 
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range  from  gentle  to  fairly  steep,  being  in  many  places  determined 
by  the  dip.  PI.  IX,  A  (p.  80)  shows  excellent  examples  of  the  strike 
ridges,  dip  slopes,  and  even  sky  lines  of  these  hills.  The  ridges  di- 
verging from  Mount  Lospe  are  given  prominence  by  the  hard  flint  of 
which  they  are  formed,  and  the  sharp  outlines  of  the  slopes  along  the 
coast  southward  from  Point  Sal  are  caused  by  the  resistant  igneous 
rocks  there  exposed. 

South  of  the  Casmalia  Hills  the  sea  has  cut  into  soft  formations 
and  along  structural  lines,  so  as  to  leave  the  Point  Sal  Ridge  jutting 
out  as  a  promontory.  The  same  is  true  on  a  smaller  scale  south  of 
Purisima  Point,  the  seaward  extension  of  Burton  Mesa,  and  south 
of  the  west  end  of  the  Santa  Ynez  Range.  The  coast  north  of  each  of 
these  headlands  runs  northward,  with  only  a  gentle  curve  away  from 
the  point,  until  the  indentation  south  of  the  next  range  is  reached. 
The  east- west  coast  Knes  follow  structural  features;  the  north-south 
lines  truncate  them.  Faults  are  not  concerned  in  any  of  the  north- 
south  features  along  this  part  of  the  coast. 

North  of  the  Casmalia  Hills  the  coast  forms  a  straight  north-south 
line  bordering  the  lowland  that  opens  out  at  the  mouth  of  the  Santa 
Maria  Valley  as  far  as  the  deep  indentation  at  the  base  of  the  San 
Luis  Range,  which  exhibits  the  best  example  of  this  type  of  coastal 
structure.  The  latter  range  lies  in  the  San  Luis  quadrangle  and  has 
been  described  in  the  folio  covering  that  region.** 

SOLOMON    HILLS. 

Although  the  Casmalia  Hills  drop  into  insignificance  in  the  vicinity 
of  Graciosa  and  Harris  canyons,  their  general  line  of  topographic 
relief  continues  with  a  more  easterly  course  toward  the  San  Rafael 
Mountains,  the  whole  being  in  fact  a  spur  of  this  range.  The  Solo- 
mon Hills  are  a  group  of  low,  rolling  hills  covering  a  wide  area  between 
the  Santa  Maria  and  Los  Alamos  valleys.  From  a  distance  the  area 
looks  like  an  undulating  plateau  sloping  away  on  all  sides  except  the 
east  to  wide,  slightly  inclined  or  flat  valleys. 

The  features  of  the  topography  of  the  Solomon  Hills  are  shown 
in  PI.  XI  (p.  98).  From  a  point  near  at  hand  the  individual  hills 
and  valleys  of  irregular  round  and  square  forms  assume  bold  outlines. 
The  angular  slope  of  hills  capped  with  low-dipping  beds  of  sand  and 
having  steep,  squarish  flanks  is  very  characteristic  of  the  region. 
Many  ridges  have  fairly  flat  summits,  which  slope  gently,  with  a  long, 
even  sky  line,  and  are  due  to  surface  cappings  of  sand  hardened  by  iron 
oxide.  Such  a  capping  has  in  places  the  appearance  of  a  resistant 
bed  forming  the  ridge  top  and  determining  the  slope  by  its  low  dip. 

Mount  Solomon  has  an  elevation  of  1 ,338  feet  and  other  peaks  rise 

a  Geologic  Atlas  U.  S.,  folio  101,  U.  S.  Guol.  Survey,  1904. 
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as  liigh  as  1,600  feet.     A  common  height  for  summits  in  these  hills 
is  1 ,200  feet. 

Wide,  shallow,  filled  valleys  between  the  rolling  summits  are  char- 
acteristic of  the  Solomon  Hills,  the  soft  valley  filling  being  as  a  rule 
sharply  cut  along  a  meandering  course  by  a  miniature  stream  gorge 
that  has  been  rapidly  eroded.  Many  of  these  recent  channels  are 
deeper  than  they  are  wide.  In  the  vicinity  of  La  Zaca  Creek  on  the 
east  the  Solomon  Hills  merge  with  these  foothills,  and  the  general 
topographic  features  are  continued  in  them.  The  Solomon  Hills 
owe  their  low  outlines  largely  to  their  structural  development  rather 
than  to  their  topographic  maturity.  It  has  been  an  area  of  building 
up  as  well  as  of  wearing  away,  and  the  original  topography,  which 
reflected  characteristically  the  folds  of  the  sedimentary  formations, 
has  been  obscured  by  further  deposition  and  by  the  filling  of  valleys, 
in  additio"!!  to  alteration  by  erosion. 

LOS    ALAMOS    VALLEY. 

The  incline  of  the  Solomon  Hills  on  the  south  is  gradual  down  to 
the  Los  Alamos  Valley.  This  valley  extends  from  the  region  where 
the  Solomon  and  Purisima  hills  coalesce  in  the  foothills  of  the  San 
Rafael  Range  a  distance  of  about  27  miles  to  the  coast,  in  a  direction 
about  N.  75°  W.  This,  it  will  be  noted,  is  much  more  westerly 
than  the  trend  of  the  Santa  Maria  Valley.  The  Los  Alamos  Valley 
separates  the  two  basin  ranges — the  Solomon  and  Purisima  hills — 
and  is  a  drainage  feature  of  them  alone.  The  average  altitude  at  the 
sunmiit  of  its  watershed  is  from  1,000  to  1,300  feet;  and  the  highest 
elevation  that  the  watershed  reaches  anywhere  is  less  than  2,000  feet. 
All  the  water  from  the  higher  surrounding  regions  that  drains  into 
the  Santa  Maria  basin  region  escapes  either  into  the  Santa  Maria 
Valley  on  the  north  or  the  Santa  Ynez  Valley  on  the  south. 

PURISIMA    HILLS. 

The  second  of  the  two  hill  ranges  is  that  of  the  Purisima  Hills,  which 
forms  a  definitely  outUned  structural  and  topographic  unit  spring- 
ing from  the  plateau  region  about  Santa  Ynez  and  the  foothills  of  the 
San  Rafael  Range  in  the  vertex  of  the  triangular  basin.  It  rises  at 
that  point  in  the  shape  of  a  number  of  strike  ridges  which  run  north- 
westward and  then  curve  aroimd  to  the  west,  coming  together.  For 
most  of  the  distance  to  the  ocean  beyond  this  junction  the  range  con- 
sists of  a  single  ridge  running  parallel  to  the  Los  Alamos  Valley.  On 
the  north  it  sends  out  lateral  ridges  that  drop  off  rather  abruptly  into 
the  Los  Alamos  Valley.  These  ridges  are  separated  by  fairly  sharp 
V-shaped  valleys,  although  some  of  the  valleys  have  sides  of  more 
gentle  slope  and  filled  bottoms.     A  striking  topographic  feature  is  a 
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longitudinal  trough  running  for  miles  parallel  with  this  range  and  the 
Los  Alamos  Valley  and  cutting  across  the  ends  of  the  above-mentioned 
ridges  at  right  angles  to  them,  at  a  distance  of  one-half  to  1  mile  from 
the  valley.  It  notches  all  the  ridges  and  leaves  an  individual  row  of 
knobs  100  to  200  feet  in  relief  bordering  the  valley.  This  depression 
is  not  a  continuous  drainage  feature,  but  is  stratigraphically  of  impor- 
tance as  approximately  marking  the  contact  between  the  Monterey 
shale  and  the  loose  Fernando  sand.  On  the  south  side  of  the  summit 
of  the  Purisima  Hills  the  lateral  ridges  extend  a  long  way  with  a  uni- 
form gentle  slope,  like  remnants  of  an  eroded  inclined  plateau.  At 
their  base,  some  miles  from  the  summit,  and  usually  from  500  to  1,000 
feet  below,  these  southern  slopes  merge  into  an  undulating  hilly 
plateau  that  has  the  appearance  of  being  buried  under  soft  recent 
sand.  The  range  is  broadest  at  the  east  end,  where  it  consists  of  a 
number  of  parallel  ridges.  The  point  of  convergence  of  some  of  these 
is  Redrock  Mountain,  which  is  1 ,968  feet  high  and  the  highest  summit 
in  these  hills.  Thence  westward  the  hilly  zone  narrows  into  a  single 
central  ridge  and  its  offshoots,  and  gradually  pinches  out,  finally  giv- 
ing place  on  the  south  and  west  to  a  broad  terrace  in  which  its  hilly 
character  is  lost.  The  summit  of  the  main  ridge  of  the  Purisima 
Hills  west  of  Redrock  Moimtain  gradually  declines  in  height  and  for 
most  of  the  way  it  is  remarkably  even,  the  elevation  varying  between 
1,200  and  1,000  feet.  At  the  elevation  of  1,000  feet  it  grades  into 
the  smooth  terrace  called  Burton  Mesa. 

BURTON    MESA. 

Burton  Mesa  is  a  marine  terrace  covering  more  than  50  square  miles, 
which  slopes,  with  an  average  gradient  of  2  J  per  cent,  away  from  the 
west  end  of  the  Purisima  Hills,  reaching  the  sea  within  7  J  miles.  It 
is  composed  of  Monterey  shale,  in  the  main  rather  gently  folded, 
which  has  been  planed  off  and  covered  with  a  thickness  of  about  25 
feet  of  horizontal  gravel  and  loose  sand.  From  the  elevation  of  1,000 
feet,  where  the  continuous  sheet  of  sand  overlaps  on  the  end  of  the  Puri- 
sima ridge,  down  to  the  600-foot  level  the  distance  in  a  west-south- 
west direction  is  three-fourths  of  a  mile  and  the  slope  10  per  cent. 
Withi  1  the  next  three-fourths  of  a  mile  a  drop  of  100  feet  occurs,  the 
slope  being  2^  per  cent.  Beyond  lies  the  main  level  stretch  of  the 
plateau  for  a  distance  of  5  miles,  with  no  greater  slope  than  three- 
fourths  of  1  per  cent  until  the  elevation  of  300  feet  is  reached,  in  the 
southwest  corner  of  the  mesa,  where  there  is  an  abrupt  change  to  a 
10  per  cent  slope,  the  distance  down  to  elevation  100  feet  being  only 
one- third  of  a  mile.  Below  the  100-foot  level  there  is  a  bench  with 
a  3  per  cent  grade  as  far  as  the  edge  of  the  cliff  which  faces  the  sea, 
and  which  is  in  most  places  about  25  feet  above  the  water.     North 
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of  Canada  Tortuga  the  steeper  portion  above  the  coastal  bench  is  only 
100  feet  high,  and  in  the  northwest  comer  of  the  mesa  the  main 
terrace  and  the  coastal  bench  grade  into  each  other  and  become 
practically  one. 

SANTA   YNEZ   VALLEY   AND   SANTA    RFTA    HHXS. 

Santa  Ynez  River  is  the  second  of  the  two  main  drainage  lines  of 
the  area,  Los  Alamos  Creek,  the  next  in  size,  being  much  subordinate 
to  these  two.  The  Santa  Ynez  rises  in  the  high  region  north  of  Santa 
Barbara  and  flows  westward  between  the  Santa  Ynez  and  San  Rafael 
ranges.  From  the  east  edge  of  the  Lompoc  quadrangle,  where  these 
two  ranges  diverge,  it  flows  slightly  to  the  north  of  west,  at  the  foot 
of  the  Santa  Ynez  Moimtains.  Its  course  is  even  more  westerly  than 
that  of  the  Los  Alamos  Valley  until  it  approaches  the  ocean,  where 
the  nose  of  the  Santa  Ynez  Range,  as  in  the  two  ranges  farther  north, 
shows  a  tendency  to  change  its  orientation  into  greater  conformity 
with  the  northwesterly  course  of  the  San  Rafael  Range. 

This  stream  has  a  low  gradient  of  only  one-fourth  of  1  per  cent.  Its 
valley  has  a  steep  side  on  the  south  formed  by  the  hills  of  the  Santa 
Ynez  Range,  but  it  is  widened  on  the  north  by  the  easy  slopes  of  ter- 
races and  sand  hills,  except  at  the  Santa  Rita  Hills,  which  rise  midway 
in  the  river^s  coiu^e. 

The  Santa  Rita  Hills  form  a  small  separate  range  reaching  a  height 
of  1,300  feet  and  resembling  in  miniature  the  Purisima  Hills.  The 
range  starts  from  the  valley  in  several  strike  ridges  running  north- 
west, which  join  in  the  highest  part  of  the  range  and  then  continue 
due  west  as  a  single  ridge.  The  river  follows  a  tortuous  course  be- 
tween this  and  the  Santa  Ynez  Range  and  has  cut  cliffs  in  many  places. 
On  the  north  the  Santa  Rita  Hills  are  divided  from  the  Purisima 
Hills  by  the  Santa  Rita  Valley,  a  low  basin  similar  to  some  portions 
of  the  Santa  Ynez  Valley. 

The  level  floor  cf  the  river  valley,  including  the  stream  bed  and  the 
somewhat  higher  terrace-like  flats  on  either  side,  ranges  in  width  from 
a  few  hundred  feet  to  about  a  mile  until  within  10  miles  of  the  ocean, 
where  it  opens  out  into  the  Lompoc  Valley,  an  alluvial  flat  several 
miles  wide. 

TERRACED    COAST. 

Pleistocene  terraces  border  the  coast  for  the  greater  part  of  the 
distance  around  the  Guadalupe  and  Lompoc  quadrangles.  The 
great  Burton  Mesa  terrace  has  already  been  mentioned.  Beyond  the 
valleys  to  the  north  and  south  of  this  mesa  similar  terraced  areas 
extend  widely  and  in  places  to  a  considerable  distance  inland,  but  no- 
where else  with  so  gentle  a  slope  as  is  exhibited  on  the  Burton  Mesa. 
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Where  steep  hills  descend  toward  the  coast  there  is  almost  without 
exception  a  coastal  terrace  starting  at  the  top  of  the  sea  cUflF,  which, 
as  a  rule,  ranges  in  height  from  a  few  feet  to  more  than  50  feet  above 
the  water.  Most  of  these  terraces  extend  up  to  an  elevation  greater 
than  200  feet.  Some  of  them  have  left  traces  at  a  height  of  300  feet 
or  more,  and  others  continue  perfect  to  this  altitude  or  even  higher. 

GENERAL  TOPOGRAPHIC  FEATURES. 

The  point  of  especial  interest  in  the  topography  of  the  central  region 
between  the  two  bounding  ranges  is  its  characteristic  reflection  of  the 
structure  of  the  formations,  whereas  in  the  mountains,  as  has  been 
noted,  the  topographic  development  has  been  less  in  accordance  with 
the  lines  of  structure.  An  anticline  in  the  central  region  is  apt  to  be 
coincident  wdth  a  ridge,  as,  for  example,  in  the  long  ridge  of  the 
Purisima  Hills,  which  lies  close  to  the  axis  of  a  broad  anticline. 
Moreover,  some  of  the  larger  valleys  mark  the  synclinal  axes  of  the 
broad  lines  of  structure — a  statement  illustrated  by  the  Santa  Ynez 
Valley  in  parts  and  by  its  structural,  although  not  actual,  continua- 
tion in  the  Santa  Rita  Valley.  It  is  also  exemplified  by  the  upper  por- 
tion of  the  Los  Alamos  Valley  and  by  Harris  Canyon.  These  topo- 
graphic features  may  be  accounted  for  by  the  facts  that  the  main 
movements  in  these  hill  ranges  have  been  gentle  as  compared  with 
those  in  the  older  mountain  masses,  that  the  disturbances  giving 
them  form  have  been  comparatively  recent,  and  that  deformation 
has  not  gone  so  very  far.  Wherever  there  are  low  areas  of  rolling 
hills  it  is  almost  sure  to  be  found  that  a  syncline  or  plunging  fold  has 
given  rise  to  structural  depressions  in  which  deposits  of  soft  sand  pro- 
ducing low  topographic  forms  have  been  laid  down. 

The  character  of  the  different  formations  shows  its  influence  on  the 
topography.  The  areas  of  serpentine  with  associated  Franciscan  rocks 
have  irregular  broken  surfaces  with  many  outcrops  and  usually  an  old, 
well-worn  appearance.  The  dominantly  sandstone  and  shale  terranes 
described  under  the  headings  '^^ pre-Monterey  rocks"  and  '^Vaqueros, 
Sespe,  and  Tejon  formations,  undifferentiated,"  do  not  give  rise  to  a 
very  distinctive  topography.  They  form  a  succession  of  ridges  and 
V-shaped  canyons  of  moderate  relief  and  comparative  regularity.  In 
many  places  the  truncated  edges  of  the  tilted  strata  form  steep,  rough 
strike  slopes.  The  Monterey  shale  produces  the  forms  of  highest  relief 
in  this  region,  as  well  as  forms  of  lovv^  relief,  according  to  the  amount 
of  folding  that  has  taken  place  in  it  and  to  its  hardness.  The 
brittle  shale  closely  folded  gives  rise  to  sharp  ridges,  many  of  them 
serrate,  with  steep,  rocky  flanks.  Ridges  of  highly  tilted  shale  are 
shown  in  PI.  VI,  B  (p.  46).  The  lower  folds  produce  hills  of  gentle 
incline  and  long  unbroken  ridges,  in  places  parallel  with  the  strike 
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and  having  a  dip  slope,  as  shown  in  PI.  IX,  A  (p.  80).  Character- 
istic of  the  soft  shale  are  hills  having  the  form  of  mounds  with  sym- 
metrical roimded  contours  and  with  few  prominent  outcrops  except 
pavements  of  shale  forming  the  surface.  The  soft  Fernando  sands 
form  small  hills  that  look  like  irregular  sand  piles,  and  long  slopes 
with  shallow  erosion  features.  Some  of  these  slopes  reflect  the 
dip  of  the  strata  on  the  flanks  of  low  folds  and  are  structurally 
inclined  plateaus  in  a  typical  state  of  youthful  dissection.  The  val- 
leys are,  in  many  places,  filled  w^ith  sand  that  has  shifted  down  from 
the  hills  faster  than  it  could  be  carried  aw  ay  by  agencies  of  transpor- 
tation. Great  cliils  of  soft  sand  are  common  as  the  result  of  the  rapid 
undermining  and  removal  of  portions  of  hills.  Thus  walled  cirques 
are  formed.  Harder  materials  in  the  Fernando  cause  squarish  forms, 
such  as  that  of  Mount  Solomon.  The  terraces  of  the  Quaternary 
give  a  strong  individuality  to  the  topography  of  this  region.  They 
are  widely  in  evidence  along  the  coast,  in  valleys,  at  all  levels  up  to 
1,200  or  1,400  feet  on  slopes,  on  hilltops,  and  along  horizon  lines. 

DRAINAGE  AND  RAINFALL. 

The  three  principal  streams  have  received  mention  under  the  pre- 
vious headings.  A  small  amount  of  water  runs  in  them  all  the  year 
round,  but  the  quantity  is  only  rarely  sufficient  in  either  of  the  two 
main  streams  to  warrant  their  being  called  rivers.  This  name  is 
applied  to  them  on  the  ground  of  the  importance  of  their  drainage 
areas.  Almost  all  the  drainage  of  the  two  quadrangles  flows  into 
these  three  streams.  In  the  main  they  run  parallel  to  the  strike  of 
the  formations.  In  addition  to  those  already  mentioned,  others  that 
run  independently  into  the  sea  are  Casmalia  Creek,  in  Schumann  Can- 
yon, which  first  cuts  obliquely  across  the  end  of  tlie  CasmaHa  Hills 
and  then  assumes  a  longitudinal  course;  Canada  Honda  Creek  and 
Jalama  Creek,  the  two  last  having  deeply  cut  courses  parallel  w  ith  the 
structural  lines  at  the  west  end  of  the  Santa  Ynez  Mountains.  The 
steep  seaward  slope  of  these  mountains  is  cut  into  by  a  great  number 
of  short,  steep,  transverse  gorges. 

The  portion  of  the  San  Rafael  Range  lying  within  the  area  covered 
by  the  map  is  drained  principally  by  Sisquoc  and  Cuyama  rivers, 
which  flow  along  well-graded  courses,  and  by  the  minor  streams, 
Labrea  and  Tepusquet  creeks.  With  the  exception  of  the  Cuyama, 
these  watercourses  and  the  majority  of  the  others  in  the  mountains 
have  cut  transverse  canyons  across  the  formations  regardless  of  the 
folding  and  the  structural  lines.  In  this  respect  they  differ  from  the 
streams  farther  south. 

On  the  whole,  it  is  rather  a  dry  region.  An  average  of  only  12  or  15 
inches  of  rain  falls  annually,  during  the  winter  rainy  season.     During 
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the  long  dry  season  almost  complete  evaporation  of  surface  moisture 
takes  place,  and  there  is  little  erosion  through  the  aid  of  water. 
Throughout  the  latter  part  of  the  Quaternary  period  the  rate  of  ero- 
sion has  probably  been  slow. 

CLIMATE  AND  VEGETATION. 

The  climate  of  this  area  is  that  of  the  coastal  region  of  California. 
It  is  equable  the  whole  year  round,  excessive  heat  or  cold  being 
very  rare.  The  days  are  mild,  the  nights  chilly.'  The  region  is  sub- 
ject to  the  inroads  of  heavy  fogs  and  driving  winds  from  the  open 
ocean,  but  this  is  true  to  a  lesser  degree  in  the  eastern  angle  of  the 
basin,  where  there  are  protecting  hills  on  all  sides.  The  winds 
blow  very  strongly  from  the  west  and  northwest  up  the  radiating 
valleys  that  open  to  the  coast.  The  region  is  subject  to  earth- 
quakes, some  of  which  would  seem  to  be  of  local  origin. 

The  vegetation  in  the  northern  part  of  Santa  Barbara  County  is 
open,  as  in  the  neighboring  portions  of  California.  There  are  almost 
no  dense  groves  of  trees,  most  of  the  hills  being  sparsely  clothed 
with  a  scattering  growth  of  small  trees,  usually  live  and  white  oaks, 
and  bushes,  or  else  entirely  bare,  except  for  sagebrush  and  grass. 
The  wide  terraces  and  hills  of  soft  sand  are  commonly  overgrown 
with  so-called  tarweed  and  are  otherwise  almost  bare.  In  the  val- 
leys near  the  coast  grow  many  willows;  in  the  more  protected  val- 
leys farther  inland  thrive  large  sycamores,  cottonwoods,  and  live 
and  white  oaks.  The  steep  slopes  of  the  San  Rafael  Range  are 
sparsely  set  with  small  oaks,  pines,  and  yuccas,  and,  like  those  of 
the  Santa  Ynez  Range,  are  covered  in  parts  by  dense  thickets  of 
undergrowth. 

The  vegetation  of  the  hill  ranges  of  the  basin  region  is  typically 
illustrated  by  PI.  IX  (p.  80)  and  of  the  San  Rafael  Mountain  region 
by  PI.  VI  (p.  46). 

GEOIiOGY. 

SEDIMENTARY  FORMATIONS. 

GENERAL    STATEMENT. 

The  formations  involved  in  the  geology  of  this  district  (see  PL  II) 
include  the  Franciscan  (Jurassic  ?) ;  Knox\nlle  (lower  Cretaceous) ; 
pre-Monterey  rocks  (which  may  include  both  Cretaceous  and  older 
Tertiary);  Tejon,  Sespe,  and  Vaqueros,  undifferentiated  (Eocene- 
Miocene)  ;  Monterey  (middle  Miocene) ;  Fernando  (Miocene-Pliocene- 
Pleistocene)  ;  and  Quaternary.  The  maximum  known  thickness  of  the 
Tertiary  and  early  Quaternarj^  formations  combined  is  13,200  feet. 
The  following  table  shows  the  correlation  of  these  formations  with  the 
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standard  California  section  and  with  that  of  Santa  Clara  Valley,  Ven- 
tura County: 

Tentative  correlation  of  formations  of  Santa  Maria  district  with  the  standard  California 
Coa^t  Range  section  and  with  that  of  the  Santa  Clara  Valley. 
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FRANCISCAN    FORMATION    (JURASSIC?). 

The  oldest  rocks  within  the  Santa  Maria  district  belong  to  the  Fran- 
ciscan formation,  which  is  probably  of  Jurassic  age.  H.  W.  Fair- 
banks described  the  same  formation  under  the  name  San  Luis  in  the 
San  Luis  folio.  The  Franciscan  is  a  very  important  basement  for- 
mation in  the  Coast  Ranges  farther  north.  The  small  areas  of  these 
rocks  occurring  here  consist  of  remnants  of  beds  of  sandstone,  shale, 
glaucophane  schist,  and  jasper  associated  with  serpentine  that  has 
probably  been  intrusive  in  them.  The  sandstone  is  usually  of  a  dark- 
green  color,  fairly  fine  grained,  and  considerably  indurated.  The 
jasper  is  banded  by  thin  contorted  beds.    These  sediments  are  so 
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disturbed  that  little  clew  as  to  their  structure  can  be  obtained,  and 
so  local  in  extent  that  no  attempt  has  been  made  in  mapping  to 
differentiate  them  from  the  accompanying  serpentine. 

KNOXVILLE  FORMATION  (LOWER  CRETACEOUS). 

Several  small  areas  of  sedimentary  rock  occur  which  can  be  defi- 
nitely assigned  on  fossil  evidence  to  the  Knoxville,  or  lower  Cretaceous. 
The  two  most  important  are  north  of  Mount  Lospe,  in  the  Casmalia 
Hills.  The  rock  is  chiefly  dark-colored,  unaltered  argillaceous  shale, 
such  as  is  characteristic  of  the  Knoxville  throughout  its  wide  area 
of  distribution  in  the  California  Coast  Ranges.  Sandstone  and  con- 
glomerate occur  in  lesser  amounts.  Brownish-yellow  sandstone, 
similar  to  that  common  in  the  Knoxville  in  the  Coast  Ranges  several 
hundred  miles  farther  north,  occurs  on  the  border  of  an  irregular 
area  of  diabase  on  Tepusquet  Creek,  in  the  San  Rafael  Mountains, 
and  contains  the  characteristic  Knoxville  fossil  Aucella  piochii  Gabb 
(PI.  XIII,  figs.  1,  2,  3a,  3b,  p.  128).  The  rock  is  present  only  in  very 
small  patches,  and  seems  to  have  been  brought  up  from  below  by  the 
diabase  intrusion.  The  Knoxville  was  recognized  in  one  other  place 
in  the  San  Rafael  Mountains  a  few  miles  north  of  Zaca  Lake,  at  the 
base  of  the  series  mapped  as  pre-Monterey,  where  also  it  contains 
Aucella  piochii.  It  is  very  likely  that  a  portion  of  the  areas  mapped 
as  pre-Monterey  belongs  to  the  lower  Cretaceous,  but  it  is  not  prob- 
able that  the  whole  does. 

PRE-MONTEREY   ROCKS. 

Two  large  areas  of  sedimentary  rocks  whose  age  has  not  been 
determined  otherwise  than  that  they  are  older  than  the  Monterey 
occur  in  the  San  Rafael  Mountains.  They  are  mapped  as  pre- 
Monterey  rocks.  It  is  probable  that  strata  of  Knoxville  (lower 
Cretaceous)  age  occur  at  the  base  of  the  series  in  those  areas  and 
that  the  higher  portions  represent  either  the  upper  Cretaceous  or 
the  Eocene,  or  both.     Detailed  work  was  left  until  another  time. 

The  larger  of  these  two  areas  occupies  the  northeast  corner  of  the 
region  shown  on  the  map,  and  is  about  60  square  miles  in  extent. 
The  other  lies  on  the  northeastern  slope  of  the  high  ridge  north  of 
Zaca  Lake.  In  these  areas  are  exposed  a  great  series  of  thin-bedded, 
dark-colored,  locally  greenish  shale  alternating  with  more  massively 
bedded  sandstone,  which  is  in  places  of  a  very  granitic  nature.  Con- 
glomerate, much  of  it  plainly  evidencing  its  origin  from  granite, 
occurs  in  minor  horizons.  Knoxville  fossils  were  found  in  a  gritty 
greenish  sandstone  near  the  lowest  portion  of  this  pre-Monterey 
terrane,  about  2  miles  north  of  Zaca  Lake.  The  higher  portion  seems 
to  be  the  continuation  of  a  formation  in  San  Luis  Obispo  County  that 
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has  been  considered  upper  Cretaceous  and  of  one  in  southeastern 
Santa  Barbara  County  that  has  been  ascribed  to  the  Eocene.  Its 
age  is  therefore  much  in  doubt.  It  may  also  include  at  the  top  part 
of  the  Vaqueros  (lower  Miocene),  which  overlies  this  doubtful  ter- 
rane  and  of  which  the  base  has  not  been  definitely  determined. 

Structurally  the  strata  included  in  this  pre-Monterey  group  lie 
beneath  the  Monterey  and  upper  Vaqueros,  but  though  far  older 
they  do  not  bear  so  strongly  the  marks  of  intense  folding  as  do  the 
brittle  Monterey  shales.  They  are,  however,  steeply  upturned,  and 
the  lines  of  folding,  as  in  the  case  of  the  other  formations,  are  in  gen- 
eral in  a  northwest-southeast  direction. 

tejon,    sespe,    and    vaqueros    formations,    undifferentiated 

(eocene-miocene)  . 

GENERAL  STATEMENT. 

The  Santa  Ynez  Range  is  mostly  composed  of  a  thick  terrane  of 
marine  sediments  equivalent  to  a  part  or  all  of  the  Tejon  formation 
and  the  Vaqueros  formation.  The  former  is  Eocene  and  the  latter 
lower  Miocene  in  age.  This  terrane  comprises  a  continuous  succes- 
sion of  marine  sediments  of  detrital  origin,  seeming  to  present  no 
point  at  which  an  angular  unconformity  exists,  although  the  line  at 
the  base  of  the  coarse  conglomerate  containing  the  Vaqueros  fossils 
doubtless  marks  a  long  time  interval. 

In  the  preliminary  report  on  the  Santa  Maria  district"  mention  is 
made  of  the  Sespe  formation  as  being  represented  here,  and  a  small 
area  of  it  is  shown  on  the  map  accompanying  that  report.  The 
Sespe  formation  belongs  to  the  Eocene  or  Oligocene  and  is  a  distinct 
formation  above  the  Tejon  and  below  the  Vaqueros.  It  occurs  ex- 
tensively in  the  Santa  Ynez  Mountains  north  of  Santa  Barbara,  and 
an  outcrop  of  blood-red  sandstone  in  this  range  3§  miles  south  of 
the  Santa  Ynez  Mission  was  indicated  on  the  outline  map  as  belong- 
ing to  the  Sespe  because  of  its  lithologic  resemblance  to  the  typical 
rocks  of  this  formation.  This  small  area  has,  however,  not  been 
separately  shown  on  the  present  map,  as  there  is  no  good  proof  of 
its  age.  It  is  quite  possible  that  the  Sespe  formation  is  represented 
in  parts  of  this  western  portion  of  the  range  by  rocks  not  recogniz- 
able on  the  lithologic  grounds  which  are  deemed  sufficient  for  the 
determination  of  this  formation  in  the  vicinity  of  Santa  Barbara  or 
the  Ojai  Valley,  to  the  east;  or  it  may  be  that  sedimentation  was 
not  operative  in  the  western  part  of  the  range  during  Sespe  time,  and 
therefore  that  rocks  of  that  age  are  lacking  from  the  geologic  section 
in  this  region.  The  amount  of  work  done  in  the  Santa  Ynez  Range 
does  not  warrant  a  full  discussion  of  the  structure  and  relations  of 
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its  rocks  stratigraphically  below  the  base  of  the  Monterey  (middle 
Miocene)  shale. 

Strata  corresponding  to  the  upper  portion  of  the  Tejon-Sespe- 
Vaqueros  terrane  have  been  recognized  also  in  the  San  Rafael  Moun- 
tains, where  they  are  exposed  at  the  base  of  the  Monterey  (middle 
Miocene),  and  it  may  be  that  the  pre-Monterey  rocks  are  in  part 
equivalent  to  the  lower  portion  of  this  terrane.  The  Vaqueros  and 
possibly  part  of  the  Tejon  are  present  also  in  the  Casmalia  Hills. 

UTHOLOOIO  CHABAOTEE. 

The  lower  portion  of  the  terrane  is  made  up  of  a  thick  series  of 
greenish-gray  coarse  and  fine  sandstones,  many  of  them  concretion- 
ary in  character,  interbedded  with  dark,  fine-grained,  thin-bedded 
shales  in  lesser  amount.  Toward  the  middle  of  the  terrane  the  shale 
increases  in  amount,  alternating  with  thin  beds  of  sandstone.  Much 
of  the  shale  has  a  characteristic  olive-gray  color,  and  owing  to  its 
hard,  gritty,  brittle  nature  it  makes  excellent  road  material  for  the 
Santa  Ynez  Valley.  The  shales  and  sandstones  give  place  above 
the  middle  of  the  terrane  to  deposits  of  shallow-water  character — 
coarse  sandstone  and  a  great  quantity  of  coarse,  in  many  places  green- 
ish or  reddish,  gravelly  conglomerate.  This  conglomerate  contains 
abundant  Vaqueros  fossils  and  probably  represents  the  base  of  that 
formation  and  a  period  of  shallow-water  conditions  with  which  the 
Vaqueros  began.  The  conglomerate  gives  place  in  turn  to  more 
shale  and  sandstone,  which  continue  to  the  summit  of  the  terrane. 
At  the  top  there  is  a  conformable  gradation  into  the  Monterey  (mid- 
dle Miocene)  beds,  the  summit  of  the  Vaqueros  being  marked  by  a 
calcareous  zone  in  many  places — as,  for  instance,  southwest  of  Lom- 
poc,  where  the  two  formations  are  divided  by  a  very  prominent 
exposure  of  hard  limestone.  This  limestone  is  quarried  and  used  in 
the  refining  of  beet  sugar.  Sandstone,  shale,  and  conglomerate 
belonging  to  the  Tejon-Sespe- Vaqueros  terrane  occur  at  the  seaward 
end  of  the  Casmalia  Hills.  They  form  a  series  conformably  under- 
lying the  Monterey  (middle  Miocene) ;  but  they  are  separated  from 
beds  of  flint  and  shale  that  can  be  definitely  assigned  to  the  latter 
formation  by  an  intervening  horizon  many  hundred  feet  thick  of 
soft,  light-brown,  clayey,  alkaline  shale  that  is  almost  invariably 
full  of  crystalline  gypsum.  Here  the  conditions  existing  during  the 
period  of  transition  from  typical  Vaqueros  to  typical  Monterey  sedi- 
mentation must  have  been  very  different  from  those  prevalent  over 
the  areas  occupied  by  the  Santa  Ynez  and  San  Rafael  ranges.  Acidic 
volcanic  ash  is  interbedded  with  the  Tejon-Sespe-Vaqueros  strata 
in  the  Casmalia  Hills.     The  occurrence  of  the  ash  and  the  alkaline 
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shale  is  mentioned  by  H.  W.  Fairbanks  in  the  two  quotations  given 
under  the  heading  *^  Previous  knowledge  of  the  geology, "  pages  12-13, 
and  this  author  discusses  them  further  in  his  paper  there  cited. 

STBTX0T17RE  AKD  THICKNESS. 

Like  all  the  Tertiary  and  pre-Tertiary  formations  of  this  region 
the  deposits  under  discussion  have  been  subjected  to  folding  that 
has  left  none  of  them  in  an  undisturbed  attitude.  But  as  they  con- 
sist in  large  part  of  soft  sandstone  and  conglomerate  with  inter- 
bedded  layers  of  sandstone  and  clayey  shale,  they  have  not  been  so 
violently  fractured  and  disturbed  as  much  of  the  brittle  shale  of  the 
lower  portion  of  the  Monterey  (middle  Miocene).  The  high  ridge  of 
the  Santa  Ynez  Mountains  from  Point  Conception  eastward  is  formed 
by  a  great  monocUne  in  the  sandstone  of  this  terrane,  dipping  toward 
the  sea  on  the  south  at  an  angle  of  about  30°.  North  of  this  ridge 
occurs  a  longitudinal  depression  in  the  range  in  which  the  folds  of 
the  beds  are  rather  low;  and  still  farther  north,  bordering  the  Santa 
Ynez  Valley,  these  rocks  are  considerably  disturbed,  dipping  in 
various  directions  and  at  all  angles  between  15°  and  the  vertical. 
The  general  inclination  of  the  beds  on  the  north  side,  however,  is 
northward,  the  structure  of  this  part  of  the  range,  broadly  viewed, 
being  anticlinal.  In  the  San  Rafael  Mountains  the  Vaqueros  strata 
are  steeply  folded  along  northwest-southeast  lines,  in  conformity 
w4th  the  overlying  Monterey.  A  marked  example  of  the  way  in 
which  the  soft,  coarse  conglomerate  has  been  left  little  affected 
occurs  in  Buckhom  Canyon,  where  thick  beds  of  this  rock,  probably 
the  basal  part  of  the  Vaqueros,  lie  almost  horizontal. 

The  Tejon-Sespe- Vaqueros  rocks  have  a  thickness  of  at  least  5,000 
feet  in  the  Santa  Ynez  Mountains,  and  further  work  will  probably 
allow  these  figures  to  be  considerably  increased. 

AGE  AKD  FOSSILS. 

At  least  two  distinct  faunas  are  found  in  the  Tejon-Sespe-Va- 
queros  strata.  The  lower  is  characteristically  Eocene,  and  similar 
to  that  of  the  Tejon  formation  of  the  type  locality;  the  upper  con- 
tains many  of  the  species  found  at  the  type  locality  of  the  Vaqueros 
formation-,  which  is  the  standard  lower  Miocene  of  the  central  Cali- 
fornia province.  So  far  as  is  definitely  known  no  species  bridges 
the  gap  between  these  two  faunas,  either  here  or  elsewhere  in  Cali- 
fornia, although  the  beds  containing  the  two  are  apparently  con- 
formable not  only  in  the  Santa  Ynez  Range  but  also  locally  as  far 
north  as  Martinez,  east  of  San  Francisco  Bay. 
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The  following  tables  show  the  fossiliferoua  Tejon  and  Vaqueros 
localities  and  the  species  of  fossils  found  at  each.  {See  map,  PI.  I, 
in  pocket;  and  illustra.tions  of  fossils,  Pis.  XII  to  XXVI,  pp.  126-154.) 
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MONTEREY    SHALE    (MIDDLE    MIOCENE). 


OBMERAL  aTATEKEKT. 


^^^^great  serips  of  fijit^  shalos.  largely  of  organic  origin,  overlies  con- 
I  {rarmably  the  cuai^e  and  fine  seilimentary  deposits  of  the  Vaqueros. 
These  shales  make  up  the  Monterey  formation  and  are  probably  rep- 
resentative of  the  whole  of  middle  Miocene  time.  The  series  is  of 
great  thickness  and  is  doubly  important  as  the  probable  source  and 
the  present  reservoir  of  the  oil.  The  areal  extent  of  the  Monterey  is 
not  adequately  represented  on  the  map.  It  doubtless  covers  as  one 
continuous  sheet  the  whole  basin  between  the  Santa  Ynez  and  San 
Rafael  mountains,  as  well  as  a  large  part  of  these  ranges,  but  it  is  con- 
cealed over  considerable  areas  by  later  deposits,  which  are  in  many 
places  very  thin.  The  character,  structure,  and  relations  of  the  Mon- 
terey have  been  the  chief  subject  of  the  present  study. 

The  name  Monterey  was  given  by  William  P.  Blake"  in  tlie  early 
fifties  to  an  organic  shale  formation  typically  developed  near  Mon- 
terey, in  central  Cahfornia.  It  is  very  extensive  in  the  Califoniia 
Coast  Ranges,  being  the  "bituminous  shale"  described  by  Whitney* 
as  occurring  at  widely  separated  points  north  and  south  of  the  Golden 
Gate.  Its  age  is  generally  taken  as  middle  Miocene.  It  is  the  source 
of  much  of  the  petroleum  found  in  California.  The  shale  characteristic 
of  this  unique  formation  is  not  similar  to  ordinary  clay  shale,  but  is 
I  largely  of  trhe  remains  of  minute  marine  organisms.    In  an 
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unaltered  condition  it  resembles  chalk,  but  is  of  siliceous  instead  of 
calcareous  composition. 

The  Monterey  in  the  part  of  California  treated  here  may  be  divided 
on  lithologic  grounds  into  two  parts,  although  there  seems  to  be  per- 
fect conformity  throughout  the  series.  There  is  no  definite  dividing 
line  to  be  drawn,  but  taken  as  a  whole  the  lower  half,  composed 
chiefly  of  hard,  metamorphosed,  in  places  flinty  shales,  is  distinct 
from  the  upper  half,  in  which  soft  shale,  giving  evidence  to  the  naked 
eye  of  its  organic  origin,  is  predominant. 

LOWER  DIVISIOK. 

The  fossiliferous  limestone  at  the  top  of  the  Vaqueros  is  overlain 
conformably  by  hard  calcareous  and  flinty  unfossiliferous  shale  char- 
acteristic of  the  base  of  the  Monterey.  In  places  the  limestone  at 
the  top  of  the  Vaqueros  is  not  well  developed,  but  is  replaced  by  a 
series  of  tlun-bedded,  in  the  main  fairly  hard,  siliceous,  calcareous, 
and  somewhat  argillaceous  shales  of  coarse  and  fine  texture,  in  which 
no  well-defined  line  of  demarcation  between  the  two  formations  is  to 
be  drawn.  The  Vaqueros  and  Monterey  terranes  taken  as  wholes 
are  distinct  units,  representing  periods  of  deposition  of  entirely  differ- 
ent character.  As  indicated  by  the  rocks,  deposition  was  continuous 
between  the  Vaqueros  and  Monterey  and  the  change  in  character 
came  suddenly,  although  less  so  in  some  places  than  in  others.  The 
general  nature  of  the  Vaqueros  series  is  detrital;  that  of  the  Mon- 
terey is  organic.  The  former  contains  many  well-preserved  moUus- 
can  forms,  the  latter  few.  Close  to  the  line  between  the  two,  beds 
predominatingly  of  a  gravelly  or  sandy  nature  or  those  bearing  fossil 
mollusks  are  considered  part  of  the  Vaqueros;  those  of  a  fine  texture 
and  of  flinty  or  opaline  or  chalcedonic  nature,  part  of  the  Monterey. 

Above  the  transitional  limestone  horizon  between  the  Vaqueros 
and  Monterey  the  lower  lialf  of  the  latter  formation  consists  of  a 
thick  series  of  thin-bedded,  hard,  brittle,  siliceous  and  calcareous 
shales,  with  local  gradations  on  the  one  hand  into  beds  of  the  hardest 
flint  and  on  the  other  into  soft  diatomaceous  earth.  Near  the  base 
there  is  usually  a  horizon  of  black,  brownish,  or  wax-colored  flint 
in  heavA"  beds  one  to  several  feet  tliick,  and  similar  massive  beds  of 
peculiar  sand-colored  limestone  with  charac^teristic  lamellar  weath- 
ering. The  greater  part  of  the  series  is  made  up  of  brittle  siliceous 
shale,  usually  much  fractured  and  rather  commonly  crumpled,  in 
beds  averaging  about  one-half  to  1  inch  in  thickness,  in  places  alter- 
nating with  thin  shaly  calcareous  beds  or  massive  strata  of  lime- 
stone. Pis.  Ill,  7i,  and  VI,  B  (p.  46),  show  outcrops  of  typical  flinty 
shale  of  the  lower  division.  Beds  of  flinty  shale  or  of  pure  flint  are 
included  here  and  there.  The  flint  is  of  different  colors — amber,  black, 
milky,  red,  brown,  etc.—  and  of  different  degrees  of  translucency. 
Much  of  it  has  been  fractm*ed  and  recemented  with  chalcedonic  veins. 


It  is  in  some  localities  banded  with  fine  white  laniinfe  or  with  banda 
more  translucent  than  the  rest.     These  bands  run  parallel  with  the 

I  bedding,  and  commonly  show  intricate  contortions.  The  flint  frac- 
tures conchoidally.    From  the  ilint  there  is  every  step  in  the  grada- 

;      tion  through  rocks  of  less  hardness  and  flinty,  compact  character  to 

;  soft  white  diatomaceous  shale.  The  soft  unaltered  shale  in  which  the 
constituent  diatom  tests  are  plainly  to  he  seen  occurs  sparingly,  how- 
ever, in  the  lower  division.  A  striking  example  of  its  occurrence  at 
that  horizon  can  be  found  at  the  very  base  of  the  Monterey  on  the 
San  Julian  ranch,  at  the  junction  of  El  Jaro  and  Salsipuedes  creeks, 
where  it  is  pure,  soft  diatomaceous  earth  in  thick  beds,  associated 
with  flint  and  lime  and  overlying  the  hard  fossiliferous,  calcareous 
conglomerate  of  the  Vaqueros.  The  specimen  of  analysis  3  (p.  45) 
is  from  this  point.  The  varieties  of  shale  ar^  very  numerous,  but 
there  is  no  departure  from  the  general  siliceous  and  calcareous  types 
so  peculiar  to  this  formation.  There  is  no  common  clay  shale  or  slate 
derived  from  it,  and  only  very  locally  is  there  an  appearance  of  a 
sandy  texture.  In  the  San  Kafael  Mountains  the  series  has  a  some- 
what different  character,  especially  at  the  base,  where  a  considerable 
amount  of  sandstone,  in  some  places  soft  and  in  others  quartzitic,  is 
interbedded  with  the  hard  calcareous  shales.  Hard,  coarse,  yellow 
and  grayish  volcanic  tuff  of  acidic  nature  is  interbedded  with  the  Mon- 

'  terey  in  the  vicinity  of  Cuyama  River  (see  PI.  Ill,  .4),  and  elsewhere 
the  lowest  portion  of  the  formation  is  marked  by  beds  of  tuff  of  local 
ejctent.  At  the  east  end  of  the  Santa  Rita  Hills  the  Va(|Ueros  grades 
into  the  Monterey  through  beds  of  coarse  basic  tuff  composed  of 
small  fragments  of  glass  and  crystals  of  various  kinds  and  of  large 
fragments  of  pumice.  Round  bowlders  or  nodules  of  verj'  fine  grained 
basalt  that  look  like  volcanic  bombs  are  included  in  this  tuff. 

The  series  of  hard  shales  of  the  lower  division  is  commonly  impreg- 
nated with  bituminous  material.  The  limy  beds  have  almost  uni- 
versally a  bituminous  odor  and  some  of  them  contain  pockets  of  tarry 
oil.  The  same  is  true  of  the  flint  with  the  difference,  however,  that 
the  limestone  is  impregnated  with  petroleum,  owing  to  its  porosity, 
wliereas  the  oil  in  the  compact  flint  seems  more  commonly  to  be  con- 
tained along  lines  of  fracture  or  in  cavities.  The  great  mass  of  the 
hard,  brittle  shales  has  tn  general  a  similar  (wlor  or  is  discolored  with 
oil.  This  hard  shale  series,  especially  the  lower  portion  of  it,  and  in 
places  possibly  the  uppermost  sandstone  of  the  formation  just  behu 
it,  contains  the  principal  oil-bearing  zones  in  the  developed  fields. 
The  fact  that  this  shale  is  so  brittle  and  fractures  when  folded  has  an 
important  bearing  on  the  storing  of  oil  in  this  portion  of  the  Monterey. 
The  fracturing  produces  cavities  in  which  the  oil  can  collect  while 

K?r  unfractured  shales  adjacent  remain  more  or  less  impervious 
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TIPPER  DIVISIOK. 

The  line  of  division  between  the  lower  and  upper  portions  of  the 
Monterey  is  rather  arbitrary,  yet  if  each  portion  is  taken  as  a  whole 
the  lithologic  distinction  is  marked,  and  the  separation  is  made  natural 
by  the  areal  limitations  of  the  outcrops  of  one  or  the  other  in  various 
places.  Where  they  are  in  contact  a  conformity  between  the  two 
halves  of  the  formation  is  evident  and  a  gradation  occurs  from  the 
porcelaneous  and  flinty  shales  of  the  lower  part  into  the  light-colored, 
earthy  beds  of  the  upper.  Such  is  the  occurrence,  for  instance,  near 
the  north  edge  of  the  hills  4  miles  west-southwest  of  the  town  of 
Lompoc. 

The  greater  part  of  the  upper  division  is  made  up  of  white  or  light 
chocolate-colored  diatomaceous  shale,  usually  of  light  weight  and 
porous,  but  grading  in  places  into  heavier  and  harder,  more  compact, 
brittle,  porcelain-like  shale.  The  soft  shale  is  extremely  fine  grained, 
rarely  being  at  all  gritty.  The  bedding  is  characteristically  very  thin, 
but  where  great  masses  of  the  soft  white  shale,  which  goes  by  the 
name  of  diatomaceous  earth,  occur,  lines  of  bedding  are  usually 
indistinguishable,  except  here  and  there  on  thin  projecting  laminse 
produced  by  weathering,  or  on  the  upper  surface  of  small  cavities 
due  to  the  eating  out  of  less  resistant  patches.  PI.  IV  illustrates  two 
characteristic  types  of  the  soft  unaltered  shale.  In  the  upper  view 
it  is  massive,  and  bedding  planes  are  almost  indistinguishable  except 
for  lines  brought  into  relief  by  weathering  and  erosion.  In  the  lower 
view  it  is  slightly  more  compact  and  lies  in  distinct  platy  layers. 
Major  bedding  planes  from  a  fraction  of  an  inch  to  several  inches 
apart  are  distinctly  apparent,  and  there  is  a  further  laminated  struc- 
ture that  enables  the  shale  to  be  split  into  plates  of  extreme  thinness. 
An  artificial  cut  through  somewhat  disintegrated  shale  of  the  upper 
part  of  the  Monterey  is  shown  in  PI.  VTII,  A  (p.  78).  The  typical 
unaltered  diatomaceous  shale  is  pictured  in  PI.  V,  A,  The  small 
round  diatom  tests  of  which  it  is  largely  composed  are  faintly  distin- 
guishable with  the  naked  eye  in  the  photograph.  In  general,  both 
the  softer  and  harder  varieties  of  the  Monterey  shale,  owing  to  their 
siliceous  composition,  do  not  give  way  readily  to  decomposition  or 
weathering.  Local  chalcedonic  lenses  are  to  be  found  in  this  series 
roughly  following  the  bedding  planes  in  imaltered  shale,  as  well  as 
horizons  of  hard,  porcelaneous,  usually  much-fractured  shale;  but 
the  latter  does  not  become  predominant  over  the  softer  shale  as  it 
does  in  the  lower  division. 

The  white  chalklike  deposits  of  this  formation  are  not  fully  described 
by  the  use  of  the  word  shale  in  its  ordinary  sense.  Especially  in  the 
massive  deposits,  where  bedding  is  not  verj^  apparent,  it  has  neither 
in  composition  nor  lamination  the  character  of  ordinary  shale.  But 
this  word  has  come  into  use  in  connection  with  the  Monterey  for  lack 
of  any  other.     The  major  portion  of  the  formation,  however,  does 


r 
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resemble  shale  in  its  tliin  stratification,  the  great  difference  heiiig  in 
the  siliceous  instead  o!  argillaceous  composition,  Ltnially  there  are 
beds  of  clayey  nature  in  the  upper  division  which  form  a  connecting 
link  between  the ' '  chalk  rock,"  as  the  diatomaceoua  shale  is  colloquially 
termed,  and  common  clay  shale.  Characteristic  oval  and  lenticular 
yellow  concretions  of  hard  lime  are  commonly  included  in  the  shale 
of  the  upper  division.  They  range  iii  diameter  from  a  few  ijiches  to  2 
feet  or  more.  In  many  places  they  occur  at  irregular  intervals  and 
of  irregidar  size  along  a  bedding  plane,  locally  displacing  the  ordinary 
shale  and  interrupting  the  continuity  of  not  merely  one  bed  but  many 
thin  beds.     They  are  invariably  elongated  parallel  with  the  bedding. 

Volcanic  ash  is  interbedded  with  the  soft  shale  of  the  upper  divi- 
sion in  the  bills  immediately  south  of  Lompoc.  It  is  verj'  fine  grained, 
soft,  and  uiiconipacted,  and  probably  corresponds  in  composition  to 
rhyohte.  It  somewhat  resembles  the  pulverulent  diatomaceous  earth, 
but  is  easily  distinguishable  by  its  grayish  color  and  grittiness. 

The  upper  portion  of  the  Monterey,  like  the  lower,  is  to  a  large 
extent  impregnated  with  bituminous  material.  It  is  apt  almost 
anywhere  in  tliia  region  to  give  out  a  bituminous  odor  when  broken 
into  or  to  show  a  brownish  discoloration  due  to  the  presence  of  oil. 
In  places  the  shale,  otherwise  white,  is  specked  witli  minute  black 
spots  of  bitumen.  Thin  sandy  layers  occur  sparingly  interbedded 
with  the  shale,  and  these  almost  without  exception  have  absorbed 
considerable  oil  and  have  a  dark-brown  color  and  strong  odor.  But 
these  beds  of  sand  are  veiy  rare  and  make  up  no  appreciable  propor- 
tion of  the  series. 

The  soft  varieties  of  the  Monterey  shale  are  almost  invariably 
alkaline  and  have  a  salty  taste.  They  contain  an  abundance  of 
salts  easily  soluble  in  water  that  form  characteristic  wooly  coatings 
of  efflorescence  on  the  sm-face  of  outcrops.  This  is  especially  true 
near  the  summit  of  the  formation,  where  a  soft  claylike  gypsum- 
bearing  shale  locally  marks  the  contact  with  the  Fernando  above. 
This  gypsum  is  crystallized  in  plates  along  seams  and  bedding  planes 
much  like  the  gypsiferous  clay  of  the  Casmaha  Hill^,  which  is  sup- 
posed t(»  be  Vaqucros  in  age.  Zones  of  gypsiferous  shale  occur  also 
at  other  places  in  the  upper  division  of  the  Monterey,  but  it  is  ntit 
known  whether  there  are  any  single  horizons  at  which  it  is  constant. 
Where  the  gypsimi  occurs  the  shale  is  usually  of  more  argillaceous 
character  and  bears  a  closer  resemblance  to  ordinary  clay  shales. 
"he  significance  of  this  alkalmity  in  the  Monterey  is  unknown. 
The  organic  shale  is  considered  to  be  of  marine  origin  in  fairly  deep 
water,  and  owing  to  the  almost  complete  absence  of  all  but  the 
finest  grained  detritus  the  alkalinity  can  not  be  considered  as  proof 
of  shallow-water  or  brackisb-water  origin.  The  salts  may  have 
some  relation  to  the  chemical  changes  involved  in  the  production  of 
petroleum. 
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DIATOMAOEOTTS  EAKTH  DSPOSITS.a 

The  infusorial  earth,  diatomaceous  earth,  diatomaceous  shale,  or 
tripoli,  as  the  same  material  is  variously  called,  of  which  the  upper 
division  of  the  Monterey  is  chiefly  composed,  is  of  fairly  pure  quality 
in  this  region  and  of  considerable  economic  value,  especially  as  it 
occurs  in  inexhaustible  quantities  close  to  transportation  facilities. 
The  areas  of  it  are  extended  and  the  series  of  strata  very  thick. 
Deposits  suitable  for  working  occur  in  the  hills  immediately  south 
of  Lompoc;  southwest  and  west  of  Lompoc;  along  the  river  east  of 
Lompoc;  in  the  northeastern  and  southeastern  portions  of  Burton 
Mesa  and  over  the  Purisima  Hills  east  of  it;  over  wide  areas  in  the 
Purisima  Hills  southwest,  south,  and  southeast  of  Los  Alamos;  on 
the  southern  flanks  of  the  Santa  Rita  Hills;  IJ  miles  north  of  the 
Santa  Ynez  Mission;  in  smaller  amoimts  near  the  east  edge  of  the 
area  mapped,  a  mile  north  of  Santa  Ynez  River;  imderlying  the  San 
Antonio  terrace  south  of  Casmalia;  over  a  wide  region  southeast, 
east,  and  north  of  Casmalia;  on  Graciosa  Ridge,  and  in  the  region 
extending  from  the  head  of  Howard  Canyon  to  a  point  southeast  of 
Sisquoc.  The  uses  to  which  this  material  can  be  put  are  numerous 
and  the  demand  for  it  is  increasing. 

ooMPOsinoir  of  the  monteret  shale. 

MATERIAL  OF  SHALE. 

The  composition  of  the  Monterey  shale  is  of  especial  interest. 
One  is  able  to  see  on  examining  the  soft  unaltered  variety  with  a 
hand  lens,  or  sometimes  even  with  the  naked  eye,  that  it  is  full  of 
small  roimd  dots  ranging,  to  speak  roughly,  from  0.1  mm.  to  1  mm. 
in  diameter.  These  are  the  skeletons  of  minute  marine  organisms 
called  diatoms.  They  are  a  low  order  of  plants  or  algae  having  a 
framework  of  silica.  They  are  locally  so  closely  packed  together 
that  they  seem  to  form  the  bulk  of  the  deposit.  In  some  of  the  rock 
they  are  so  well  preserved  that  the  details  of  their  structure  can  be 
made  out  with  the  aid  of  higher  magnification.  But  elsewhere  they 
appear  crushed  and  almost  unrecognizable.  It  is  a  question  how 
much  of  the  shale  is  formed  of  the  diatom  frustules  that  have  been 
thus  crushed.  The  shale  in  which  the  remains  are  well  preserved 
and  abundant  is  extremely  soft  and  white  and  may  be  rubbed  at  a 
touch  into  a  powder  like  flour.  The  round  diatom  disks  are  white 
and  soft  just  like  the  matrix  surrounding  them,  which  looks  as  if  it, 
too,  were  made  up  of  diatom  remains  that  had  preserved  their  form 
less  perfectly.     Shale  in  which  the  remains  are  less  prominent  has 

a  A  more  extended  description  of  these  diatoniaccous  deposits  is  published  in  "Contributions  to 
Economic  Geology,  1900"  (Bull.  U.  S.  Geol.  Survey  No.  315,  1907,  pp.  438-447) ,  under  the  title  "Diato- 
maceous deposits  of  northern  Santa  Barbara  County,  Cal." 
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the  same  appearance,  as  if  formed  of  the  same  materials,  but  com- 
pacting and  crushing  seem  to  have  gone  a  little  further  so  as  to  obscure 
the  organic  remains.  Almost  all  the  shale  of  the  upper  division  of 
the  Monterey  contains  diatom  remains  where  it  has  not  undergone 
alteration  into  the  hard  varieties.  The  same  is  true  of  the  soft 
shale  wherever  it  occurs  in  the  lower  portion  of  the  formation,  the 
most  notable  example  being  at  the  very  base  of  the  Monterey  on  the 
San  Julian  ranch  east  of  the  junction  of  Salsipuedes  and  El  Jaro 
creeks,  where  it  is  associated  with  hard  flint  and  limestone  immedi- 
ately overlying  the  fossiliferous  limestone  and  conglomerate  of  the 
Vaqueros.     There  the  shale  is  earthy,  pure  white,  and  full  of  diatoms. 

When  the  shale  has  undergone  alteration  and  hardening  into  the 
porcelaneous  and  flinty  varieties  the  constituent  organic  remainjs  are 
usually  obscured,  but  here  and  there  even  in  these  the  impressions 
may  be  found  preserved.  Usually  an  examination  under  the  micro- 
scope reveals  scattering  circular  and  oval  areas,  of  slightly  different 
composition  or  character  from  the  sm'rounding  rock,  that  look  as  if 
they  might  represent  the  forms  of  organisms.  In  speaking  of  the 
exposure  of  Monterey  rocks  between  the  mouth  of  Schumann  Canyon 
and  Lions  Head  on  the  southern  flank  of  the  Casmalia  Hills,  H.  W. 
Fairbanks  says: "  "The  basal  portion  of  the  series  is  composed  chiefly 
of  clear,  flinty  rocks,  showing  abundant  remains  of  organisms  visible 
to  the  unaided  eye.''  And  in  speaking  of  the  harder  varieties  of 
Monterey  shale  in  general  of  the  Point  Sal  region  he  says:^  '^When 
examined  with  the  hand  lens  much  of  the  rock  is  seen  to  be  thickly 
specked  with  little  roimd  dots,  averaging,  perhaps,  a  millimeter  in 
diameter.  Under  the  microscope  ♦  ♦  ♦  the  circular  areas  did 
not  appear  as  numerous  as  in  the  hand  specimen,  and  were  only 
faintly  distinguished  by  clearer  polarization." 

Aside  from  the  diatoms  the  rocks  of  the  Monterey  contain  remains 
of  minute  Foraminifera,  which  have  calcareous  frames,  and  Radio- 
laria,  which  secrete  silica  to  form  their  tests.  The  latter  are  present 
sparingly.  The  common  siliceous  shale  contains  very  little  lime  and 
no  Foraminifera  have  been  found  in  it  in  this  district,  although  they 
have  been  reported  from  the  typical  Monterey  shale  elsewhere. 
R.  M.  Bagg*'  foimd  66  species  belonging  to  17  genera  in  chocolate- 
colored,  soft,  fine-grained  shale  of  the  same  formation  near  Asuncion, 
San  Luis  Obispo  County.  J.  C.  Branner  in  the  introduction  to 
Bagg's  paper,  describes  the  shale  as  follows:  "The  shale  proper  also 
varies;  at  some  places  it  is  flinty,  at  others  it  is  somewhat  sandy, 
and  at  still  others  it  is  soft  and  chocolate-colored,  and  contains  an 
abundance  of  well-preserved  Foraminifera.     *     *     *     The  bulk  of 

a  Oeology  of  Point  Sal:  Bull.  Dept.  Geology,  Univ.  California,  vol.  2,  No.  1,  1896,  p.  9. 

6  Op.  cit.,  p.  10. 

cMiooene  Foraminifera  from  the  Monterey  shale,  California:  Bull.  U.  S.  Oeol.  Survey  No.  2G8, 1906. 
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this  shale  is  made  of  diatom  skeletons.  ♦  ♦  ♦  Even  when  the 
rocks  are  flinty  they  often  contain  good  impressions  of  Foraminifera/' 
Foraininifera  occur  in  the  partially  calcareous  shales  of  the  Santa 
Maria  district,  and  in  places  the  limestone  is  full  of  them.  In  some 
specimens  they  are  perfectly  preserved  and  various  kinds  may  be 
easily  seen  with  the  unaided  eye.  In  other  places  the  limestone 
shows  no  trace  of  organisms;  but  it  is  the  opinion  of  the  writers  that 
they  have  been  present  in  such  places  and  have  lost  their  shape,  and 
that  f oraminiferal  skeletons  account  for  a  large  part  of  all  the  Mon- 
terey limestone  and  for  the  calcareous  portion  of  the  limy  shales. 
H.  W.  Fairbanks  says  in  his  paper  quoted  on  page  —  that  the  lime- 
stone of  the  Point  Sal  region  ^^  appears  to  be  formed  almost  exclu- 
sively of  minute  organisms.^' 

Specimens  representing  different  varieties  of  the  Monterey  shale 
and  flint  were  sent  to  F.  J.  Keeley,  of  the  Philadelphia  Academy  of 
Natural  Sciences,  who  very  kindly  made  examinations  of  them  and 
reported  regarding  their  diatom  contents.  (See  Pis.  XIX  and  XX.) 
He  found  diatoms  plentiful  in  the  imaltered  earthy  shale  and  less  com- 
mon in  the  more  compact  shale  and  in  the  less  pure,  either  gritty  or 
argillaceous  shale.  Sponge  spicules  were  common  in  all  the  samples, 
and  in  those  last  mentioned  they  were  more  abundant  than  diatoms. 
No  examination  was  made  of  the  indurated  varieties.  Mr.  Keeley 
was  unable  to  make  more  than  a  hasty  examination,  but  on  request 
he  estimated  roughly  that  the  purest  material  contained  from  5  to  10 
per  cent  of  diatoms  and  that  the  soft  shale  in  which  fewer  could  be 
seen  contained  possibly  1  per  cent.  He  foimd  a  few  Radiolaria  but 
no  Foraminifera  in  the  pure  siliceous  shale,  diatoms  and  next  to  them 
sponge  spicules  being  by  far  the  predominant  organic  remains. 

C.  S.  Boyer,  of  the  Philadelphia  Academy  of  Natural  Sciences,  kindly 
identijfied  the  species  of  diatoms  in  two  slides  prepared  by  Mr.  Keeley 
from  the  two  purest  samples  of  diatomaceous  earth  that  were  sent  to 
him.  Mr.  Keeley  says:  ^'The  lists  made  by  Mr.  Boyer  cover  only 
the  species  he  saw  in  the  slides  sent  him,  and  an  exhaustive  examina- 
tion of  the  material,  which  would  require  searching  over,  say,  a  hun- 
dred slides  or  more,  would  probably  give  a  long  list  of  species,  many 
of  which  might  not  be  seen  more  than  once  or  twice  in  the  course  of 
such  an  examination."  Nevertheless,  these  lists  probably  indicate 
the  commonest  species.  In  the  slide  made  from  the  shale  at  the  base 
of  the  Monterey  from  the  locality  above  referred  to  at  the  junction 
of  Salsipuedes  and  El  Jaro  creeks  Mr.  Boyer  found  the  following 
diatoms : 

Coscinodiecus  marginatus  Ehrenberg. 

Coscinodiscus  marginatus  var.  intermedia  Rattray. 

Coscinodiscus  robustus  (irev. 

Arachnodiscus  (fragment). 

Diploneis?  (fragment). 

MeloBira  sulcata  Ehrenberg  (rare). 
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Mr.  Beyer  says:  '*The  deposit  consists  almost  entirely  of  C.  mar- 
ffinaius  and  C.  rohustus  of  various  sizes  and  often  without  rims.  It 
is  impossible,  in  certain  cases,  to  distinguish  between  these  two 
forms.  The  variety  intermedia  is  between  the  two  and  was  created 
by  Rattray.'' 

The  second  slide  was  made  from  soft  shale  of  the  uppermost  por- 
tion of  the  Monterey,  from  the  Pinal  property  on  the  east  side  of 
Pine  Canyon,  on  the  north  flank  of  Graciosa  Ridge.  The  following 
diatoms  were  found: 

Coscinodiscus  oculus  iridis  Ehrenberg  (abundant)  (PI.  XI,  fig.  XIX). 
CoBcinodiscus  marginatus  Ehrenberg. 
Coscinodiscus  marginatus  var.  intermedia  Rattray. 
Coscinodiscus  robustus  Grev.  (PI.  XX,  fig.  4). 
Coscinodiscus  radiatus  Ehrenberg. 
Coscinodiscus  obscurus  A.  S.  (PI.  XX,  fig.  2). 
Coscinodiscus  nodulifer  Janisch. 
Coscinodiscus  heteroporus  Ehrenberg. 
Coscinodiscus  subtilis  Ehrenberg  (PI.  XX,  fig.  3). 
Actinoptychus  undulatus  Ehrenberg  (rare)  (PI.  XX,  fig.  la). 
Arachnodiscus  ehrenbergii  var.  califomica  (fragment). 
Lithodesmium  comigerum  Brun.  (PL  XX,  fig.  16). 

According  to  Mr.  Boyer  this  second  sample  consists  chiefly  of  frag- 
ments of  Coscinodiscus  oculus  iridis  Ehrenberg,  which  is  a  larger  and 
more  delicate  form  than  the  one  predominating  in  the  first,  and 
both  he  and  Mr.  Keeley  comment  on  the  peculiar  absence  of  it  there. 
The  difference  in  the  fauna  in  these  different  locaUties  is  of  interest, 
inasmuch  as  the  deposit  represented  by  the  first  sUde  was  at  the  base 
of  the  Monterey  and  that  represented  by  the  second  near  its  summit. 

Besides  the  small  organisms  that  have  been  described  as  forming 
a  portion  of  the  shale  material,  and  the  less  abundant  organic  remains 
mentioned  on  pages  42-43,  the  deposits  of  Monterey  age  contain 
a  considerable  percentage  of  fine  sihceous  and  aluminous  matter, 
probably  of  detrital  origin,  in  the  shape  of  exceedingly  minute  clastic 
grains.  The  chemical  analyses  of  specimens  from  different  localities 
show  a  large  percentage  of  alumina,  the  presence  of  which  is  prob- 
ably the  result  of  fine  argillaceous  silt  settling  on  the  sea  bottom 
to  aid  in  the  formation  of  the  shale.  The  origin  of  the  silica  is  more 
in  doubt.  There  is  no  question  of  the  presence  of  a  large  amount 
of  siliceous  diatom  skeleton  material,  and  the  manv  fine-rounded  and 
angular  particles  of  quartz  revealed  by  the  polarizing  microscope  in 
the  unaltered  shale  indicate  that  the  sediments  derived  from  shore 
areas  carried  quartz  grains  also,  but  there  is  no  proof  as  to  which  of 
these  sources  suppHed  the  bulk  of  the  silica,  of  which  the  shale  is 
mostly  composed.  Besides  the  recognizable  diatom  remains  it  is 
impossible  to  tell  how  much  of  the  shale  is  composed  of  similar  skele- 
tons that  have  been  crushed  beyond  any  semblance  of  their  original 
form.     Comparatively  few  forms  are  perfectly  preserved,  most  of 
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those  observed  under  the  microscope  being  only  fragments,  and  this 
makes  it  probable  that  others  are  still  more  fragmentary  and  in  a 
state  of  complete  demolition.  The  hkelihood,  therefore,  is  that  a 
greater  proportion  of  the  pure  shale  than  5  to  10  per  cent,  as  roughly 
estimated  by  Mr.  Keeley  on  the  basis  of  visible  forms,  is  composed 
of  silica  derived  from  diatoms.  Radiolaria,  which  are  scattered 
tljrough  the  shale  sparingly,  have  contributed  somewhat  to  the  organic 
silica.  Whatever  conclusion  one  should  come  to  would  apply  to  almost 
all  of  the  soft  unaltered  shale  of  the  siliceous  type  in  the  Monterey  of 
the  Santa  Maria  district,  as  this  type  is  fairly  constant.  Locally  it  is 
varied  by  an  increased  proportion  of  argillaceous  material,  causing  a 
greater  similarity  in  appearance  to  ordinary  clay  shale,  or  by  the 
presence  of  lime;  but  diatoms  are  visible  in  practically  all  of  it  and  the 
general  conditions  of  deposition  seem  to  have  been  the  same  through- 
out. The  conclusion  is  reached  elsewhere  (p.  47)  that  the  same  prob- 
able origin  may  be  assigned  to  all  the  siliceous  shales  of  the  Monterey, 
whether  hard  or  soft — or,  in  other  words,  to  by  far  the  greater  part  of 
the  formation. 

The  list  of  organic  constituents  of  the  shale  is  by  no  means  exhausted 
by  the  small  organisms  of  low  order  so  far  mentioned.  Another 
important  source  of  siUca  lies  in  the  abundant  sponge  spicules,  which 
are  only  second  in  number  to  the  diatoms  and  which  are  scattered 
with  remarkable  persistency  throughout  the  shale.  In  the  slightly 
gritty  beds  of  soft  shale,  which  occur  sparingly,  these  spicules  even 
predominate  over  the  diatoms,  being  possibly  the  cause  of  the  grit- 
tiness.  They  seem  also  to  be  less  easily  obliterated  than  the  fragile 
diatom  shells  and  to  have  been  preserved  in  places  where  slight  alter- 
ation of  the  rock  has  destroyed  the  latter.  One  of  the  commonest 
and  most  characteristic  features  of  both  the  unmetamorphosed  sili- 
ceous and  the  calcareous  shales  is  the  presence  of  scales  of  fish,  show- 
ing that  fish  remains  found  their  way  to  the  ooze  at  the  ocean  bottom 
in  greater  or  less  abundance.  Locally  the  bones  and  nearly  complete 
skeletons  are  also  to  be  found.  Delicate  mollusk  shells,  usually  of 
small  size,  are  gathered  thickly  in  some  places  in  the  Monterey  shale, 
and  at  such  pointy  may  be  considered  as  constituting  an  appreciable 
proportion  of  the  total  volume  of  the  deposit.  As  a  rule  they  are 
crushed  and  poorly  preserved,  a  fact  that  lends  weight  to  the  theory 
that  a  large  part  of  the  diatom  frustules  also  have  been  destroyed. 
But  mollusks  are  rare  in  the  formation  as  a  whole.  Crab  shells  and 
claws  are  occasionally  found,  usually  not  whole  but  in  small  pieces, 
as  if  they  had  been  subjected  to  conditions  favorable  to  their  destruc- 
tion before  coming  to  rest.  Seaweed  impressions  are  not  rare.  In 
addition  to  organic  remains  of  these  kinds,  the  shales,  especially  the 


lesB  purely  siliceous  varieties,  are.  usually  full  uf  small  brown  scales, 
spines,  and  fragments  or  impressions  of  nondescript  shape  which  are 
of  organic  origin  hut  wliich  can  not  be  recognized  as  belonpiing  to  any 
particular  forma.     Here  and  there,  also,  large  bones  are  embedded  j 
in  the  deposits.     They  seem  to  be  those  of  whales  or  other  largo  marine  I 
vertebrate's. 

*raken  as  a  whole,  the  Monterey  shale  may  well  be  called  an  organic  j 
formation.     The  practically  complete  absence  of  coarse  sc>diraents 
derived  from  erosion  and  the  abundance  of  fossil  organisms,  espe- 
cially of  siliceous  skeletons,  make  it  different  both  in  appearance  and 
composition  from  any  other  known  formation  of  comparable  thick-  ' 
ness.     The  unaltered  siliceous  shale  most  neariy  resembles  chalk,  but   | 
it  contains  only  a  small  proportion  of  lime.     Wliether  or  not  the 
organic  remains  compose  more  than  half  or  as  much  as  half  of  the  , 
tleposit  can  not.  be  stated. 


Under  the  polarizing  microscope  little  can  be  made  out  regarding   I 
the  structure  of  Ihe  main  mass  of  the  soft  shale  and  compact  white 
shale.     The  groundmass  seems  to  be  made  up  of  amorphous  colloidal 
silica  surrounding  minute  grains  which  are  both  crystalline  and  amor- 
phous, but  the  character  of  which  can  not  be  recognized.     Embedded 
in  this  are  numerous  imperfectly  angular  or  more  rarely  partially   , 
rounded  crystal  particles,  probably  of  quartz.     Many  of  the  latter  j 
look  as  if  they  wore  due  to  secondary  development  rather  than  origi- 
nating as  clastic  grains. 

In  the  more  flinty  varieties  the  rock  appears  to  have  undergone  par- 
tial and  local  crystallization  of  the  silica  tlu-oughout  its  mass.  In  the  i 
nint,  in  which  there  are  alternating,  usually  crumpled  bands  of  opaque 
light-colored  flint  and  clear  amber-colored  or  black  flint,  the  opaque 
bands  are  composed  mainly  of  amorphous  material  like  that  of  the 
softer  shale,  but  in  a  much  more  compact  state,  and  the  translucent 
bands  are  mainly  crystalline  aggregates.  The  opaque  bands  include 
crystalline  particles  and,  locally,  patches  of.  crystal  grains  like  those 
of  the  clear  flint,  and  they  are  included  longitudinally  by  intermittent 
bands  of  the  clear  flint.  Furthermore,  they  are  in  many  specimens 
of  a  patchy  appearance,  parts  being  less  amorphous  than  others. 
The  bands  of  the  clear  fUnt  are  composed  cliiefly  of  small  grains  of 
crystalline  quartz,  and  these  are  surrounded  by  a  finer  grained  aggre- 
gate of  crystalline  and  amorphous  particles.  The  quartz  grains  have 
neither  the  roimded  outlines  of  waterwom  grains  nor  angular  crystal- 
line outlines,  but  are  branching,  and  appear  more  like  growths.  Angu- 
lar patches  uf  the  amorplious  silica,  many  of  them  showing  signs  of 
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incipient  crystallization,  are  included  in  the  clear  bands,  giving  a  brec- 
ciated  appearance.  The  bands  are  parallel  with  the  bedding  planes. 
They  are  commonly  followed  and  more  rarely  crossed  by  veins  of 
quartz  crystals. 

The  limestone  is  made  up  of  granules  of  crystalline  calcite,  or  cal- 
cite  showing  the  beginnings  of  crystallization.  Included  in  this 
extremely  fine  grained,  uniform  groundmass  are  larger  but  yet  very 
small,  irregular  grains  of  crystalline  calcite,  and  in  places  long  spicules 
of  the  same.  In  some  specimens  the  granules  are  more  minute  than 
in  others  and  the  included  larger  grains  are  fewer.  In  still  others, 
crystallization  has  entirely  altered  portions  into  patches  of  large, 
intergrown  crystals,  leaving  angular,  unchanged  patches  sharply 
marked  off,  and  thus  giving  an  appearance  like  that  of  a  breccia. 
The  flinty  calcareous  shale  has  a  minute  granular  texture,  quartz 
grains  both  crystalline  and  semicrystalline  being  associated  with  those 
of  calcite.  The  rock  usually  has  light  and  dark  bands  parallel  with 
the  bedding,  the  light  bands  containing  more  quartz  and  having  the 
calcite  granules  less  close  together  than  the  darker  bands. 

CHEMICAL    COMPOSITION. 

The  subjoined  table  comprises  analyses  of  different  specimens  and 
varieties  of  Monterey  shale  from  the  Santa  Maria  district,  with  one 
(No.  5)  here  included  for  comparison,  of  a  sample  of  white  bitumin- 
ous shale  from  the  type  locality  of  the  formation  at  Monterey,  farther 
north  on  the  California  coast. 

The  first  three  represent  typical  examples  of  the  unaltered  diato- 
maceous  shale  of  the  Monterey.  Nos.  3  and  2,  respectively,  are  analy- 
ses of  the  same  samples  that  were  found  to  be  rich  in  diatoms  when 
examined  in  slides  1  and  2  by  Messrs.  Keeley  and  Boyer,  as  mentioned 
on  pages  40-41.  Nos.  4  and  6  are  analyses  of  samples  from  the  same 
hand  specimen,  taken  within  1  inch  of  each  other,  No.  4  showing  the 
composition  of  unaltered  white  shale  in  which  diatoms  are  visible,  and 
No.  6  of  the  translucent,  brittle,  fiintlike  product  of  extremely  local 
alteration.  The  next  four  indicate  gradations  in  the  products  of  the 
metamorphism.  The  last  analysis  (No.  11)  represents  limestone 
typical  in  lithologic  appearance  of  the  limestone  of  tlie  Mont^^rey. 
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The  differences  in  character  and  composition  between  the  soft,  and 
hard  varieties  of  the  Monterey  shale  have  been  brought  out  in  the 
foregoing  discussion.  The  question  arises,  To  what  are  these  diffor- 
encps  due?  It  is  difficult  to  give  a  decisive  answer.  The  main  differ-  ■ 
ences  in  the  gradations  from  the  soft  to  the  bard  sbales  ho  in  the 
siliceousness,  compactness,  hardness,  and  degree  of  crystallization. 
Taken  as  a  wliole  the  lower  division  is  made  up  largely  of  hard  shale 
and  the  upper  of  soft  shale,  but  gradations  from  one  variety  to 
another  within  an  extremely  small  space  occur  in  both  divisions. 
In  some  places  a  thick  aeries  of  beds  of  similar  character  is  marked 
olT  from  a  series  of  different  character.  Elsewhere  a  variation  occurs 
bed  by  bed,  or,  in  still  other  places,  a  single  bed  or  lens  of  shale  of 
one  variety  is  included  witliin  another  kind.  The  softer  varietica 
contain  at  many  points  small  lenses  of  hard,  brittle,  or  semiflinty 
shale  elongated  parallel  with  the  bedding,  or  strata  in  wliich  lenses 
are  strung  along  at  irregular  intervals,  or  single  small  beds  com- 
posed entirely  of  harder  material.  In  such  occurrences  there  seems 
to  be  a  gradation  from  one  variety  to  the  other,  and  the  outlines 
of  the  bard  layers  are  not  regular  or  very  definite.  For  example, 
the  diatom-bearing  shale  of  chemical  analysis  No.  4  and  the  glassy 
1784— Bull.— 322-07— 1 
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opaline  rock  of  analysis  No.  6  were  samples  taken  from  the  same 
hand  specimen  within  1  inch  of  each  other.  The  mass  of  the  deposit 
from  which  the  specimen  came  was  soft  white  shale  belonging  high 
in  the  formation  and  contained  a  rough  layer,  a  few  inches  thick,  of 
the  harder  material  between  two  beds  of  the  soft  rock. 

The  soft  shale  has  been  described  in  the  preceding  pages  as  "nnal- 
tered,''  and  in  referring  to  the  harder  varieties  different  degrees  of 
'^alteratiou^'  have  been  mentioned,  for  the  reason  that  the  best 
explanation  of  the  origin  of  the  harder  rocks  appears  to  be  that  they 
are  products  of  metamorphism  of  the  soft  variety.  It  is  believed 
that  the  soft  white  and  chocolate-colored  organic  shale  represents 
the  original  state  of  the  beds  of  the  whole  formation,  and  that  a  proc- 
ess of  silicification  and  crystallization  has  caused  the  changes,  this 
process  having  been  aided  possibly  by  structural  disturbances  and 
pressure.  The  beds  of  soft  shale  are  usually  found  in  attitudes  only 
gently  disturbed,  whereas  the  harder  shale  is  most  commonly  much 
folded  and  is  invariably  the  component  rock  of  folds  where  the 
forces  have  been  especially  intense.  This  fact  may  throw  light  on 
the  problem  of  the  alteration  of  the  shale,  and  yet  it  may  be  simply 
the  outcome  of  the  removal  of  the  softer  portion  of  the  formation 
in  the  regions  of  greatest  uplift  and  disturbance.  The  chief  agent 
in  causing  the  change  was  probably  infiltrating  water  carrying 
silica  in  solution.  In  some  places  the  process  may  have  been  simply 
or  largely  infiltration  in  tho  extremely  porous  original  shale  and 
deposition  of  silica  in  the  interspaces,  thus  giving  rise  to  hardened 
and  compacted  irregulap  granular  aggregates  of  the  original  amor- 
phous silica  and  the  new  crystalline  silica  combined,  the  result  being 
,  an  increase  in  the  total  percentage  of  silica.  In  more  extreme  cases 
the  original  material  was  probably  partly  taken  in  solution  and  rede- 
posited,  being  replaced  almost  entirely  along  bands  or  in  spots,  and  the 
change  being  carried  to  a  less  extent  along  other  layers  and  in  other 
areas,  or  else  the  replacement  was  almost  complete  tliroughout.  As 
the  rock  was  rendered  more  compact  in  this  process  a  shrinkage  may 
have  been  the  result,  or  the  same  volume  may  have  been  retained 
and  the  pores  filled.  That  solution  took  place  along  with  deposition 
seems  to  be  shown  by  the  almost  complete  destruction  of  the  forms 
of  organisms. 

It  is  possible  that  the  differences  in  the  shales  may  be  original,  the 
result  of  variation  in  the  material  deposited.  Whole  series  of  beds  of 
different  material  might  have  been  deposited,  giving  rise  to  harder, 
more  siliceous  rocks  than  the  soft  varieties,  and  the  same  material 
might  have  been  locally  deposited  in  thin  beds  or  in  lenses  and 
nodules,  or  have  been  intermingled  with  the  others  to  form  the  inter- 
mediate varieties.    But  it  would  be  difficult  to  say  what  this  mate- 
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rial,  might  have  been,  and  the  more  or  less  completely  crystalline 
character  of  the  harder  shales  shows  that  metamorphism  has  taken 
place.  The  most  plausible  theory,  therefore,  is  that  the  Monterey 
shale  as  originally  laid  down  was  fairiy  constant  in  character  and 
that  it  has  imdergone  alteration  extensively,  as  well  as  very  locally, 
through  the  agency  of  siliceous  waters,  the  older  portions  of  the 
formation,  and  possibly  the  more  disturbed  portions,  having  been 
most  generally  subjected  to  the  change.  The  limestone  has  in 
places  been  altered  after  a  fashion  somewhat  similar  to  that  of  the 
siUceous  shales,  being  changed  to  marble,  probably  as  the  result  of 
solution  and  redeposition. 

The  Monterey  rocks  likewise  show  the  result  of  contact  metamor- 
phism to  a  very  local  extent  in  the  vicinity  of  the  diabase  intrusions. 
The  process  seems  to  have  been  largely  one  of  consolidation  through 
baking.  A  Hmestone  specimen  obtained  near  the  diabase  intrusion 
north  of  Zaca  Peak,  in  the  San  Rafael  Mountains,  gives  an  excellent 
illustration  of  shearing.  The  calcite  crystals  have  all  been  arranged 
parallel  and  greatly  elongated,  so  as  to  give  the  rock  a  schistose 
structure. 

STBTJCTtJBE  ABD  THIOKHESS. 

The  Monterey  has  nowhere  been  left  undisturbed.  In  places  it 
ha^  been  but  gently  folded.  Pis.  IV  (p.  36),  VIII,  B  (p.  78),  and  IX 
(p.  80)  show  examples  of  moderate  tilting.  But  at  other  places,  as 
at  that  pictured  in  PI.  VI,  B  (p.  46),  it  has  been  thrown  into  folds 
so  sharp  and  closely  spaced  that  the  succession  of  the  beds  and 
thickness  of  the  series  are  difficult  to  make  out.  The  details  of  its 
structure  are  discussed  under  the  heading  ^^Stnicture^'  (pp.  76-78). 
The  thickness  of  the  whole  series  is  at  least  5,200  feet.  Each  of  the 
two  divisions  comprises  a  maximum  known  thickness  of  2,600  feet. 
No  single  complete  section  of  the  whole  could  be  obtained. 

EYISENCE  OF  AGE. 

A  paucity  of  recognizable  molluscan  fossils  is  one  of  the  prominent 
characteristics  of  the  Monterey  in  this  region,  as  in  most  others  in 
the  Coast  Ranges  where  it  outcrops.  Moreover,  the  other  fossils 
that  it  contains  are  of  little  value  in  indicating  its  age.  Its  position 
in  the  geologic  column  is  determined  by  the  lower  Miocene  fossils 
foimd  just  below  its  base  in  the  Vaqueros  and  by  the  upper  Miocene 
fossils  found  at  or  near  the  base  of  the  Fernando  formation,  which 
lies  imconformably  above  it. 

The  following  two  species  of  mollusks  occur  in  the  Monterey 
diatomaceous  shale  on  the  road  just  above  the  Pinal  Oil  Company's 
office,  southeast  of  Orcutt:  Area  aff.  trilineata  Conrad,  Phacoides 
aff.  acutUineaius  Conrad. 
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KETAHOSFHISM  OF  THE  S9ALE  BT  OOMBTISTION. 

At  many  different  places  in  the  Santa  Maria  district  and  elsewhere 
the  oil-bearing  shale  has  been  burnt  to  a  pink  or  deep  brick-red  color, 
or  turned  into  a  hard  vesicular  rock  like  scoriaceous  lava,  as  showi^ 
in  PI.  V,  Bj  p.  36.  This  metamorphism  is  due  to  the  combustion  of 
the  hydrocarbon  content.  Though  the  combustion  is  usually  local 
in  its  effects,  the  number  and  wide  distribution  of  the  occurrences  of 
burnt  shale  lend  importance  to  the  phenomenon.  Such  altered  shalp 
is  of  some  value  as  indicating  where  the  rock  has  been  bituminoufi 
and  where  the  conditions  have  favored  the  occurrence  of  seepages. 

LOCALITIES   WHERE   THE   SHALE    IS   AT   PRESENT   BURNING. 

A  number  of  localities  have  been  observed  at  which  combustioi^ 
is  at  present  or  has  been  in  recent  years  in  progress  within  the  Mon^ 
terey  shale.  One  of  these  is  on  the  north  side  of  Graciosa  Ridge, 
south  of  the  Santa  Maria  Valley,  near  the  Rice  ranch  oil  well  No.  1. 
When  this  locality  was  visited  by  the  writers  eariy  in  the  autumn 
of  1906,  a  fire  was  burning  underground  in  the  shale,  causing  a  smoke 
of  disagreeable  odor  to  issue  from  the  surface  and  making  the  groimd 
hot  over  an  area  of  many  square  yards.  Oil  was  oozing  up  at  various 
points  near  by,  and  the  ground  was  heated  in  the  neighborhood  of 
all  these  seepages.  The  holes  from  which  vapor  issued  were  coated 
with  delicate  crystals  of  sulphur.  At  the  point  where  the  burning 
was  actually  going  on  and  all  about  in  the  vicinity,  for  a  distance 
of  several  hundred  feet  in  some  directions,  the  shale  was  altered  to 
a  bright-red  color,  or  baked  almost  to  the  hardness  of  compact  igneous 
rock,  or  rendered  vesicular  like  lava. 

There  can  be  no  doubt  that  this  fire  was  supported  by  the  bitu- 
minous material  in  the  shale,  and  it  was  probably  started  by  brush 
fires,  though  these  had  occurred  a  good  many  months  before,  as 
shown  by  the  new  growth  of  the  bushes.  It  was  said  that  there 
was  a  brush  fire  about  January  1,  1906,  wliich  started  the  fire  Jn  the 
shale,  and  that  futile  attempts  to  put  it  out  by  dumping  cjirt  to 
smother  it  had  been  made  ever  since  that  time.  It  seems  likely, 
however,  that  this  same  fire  has  been  in  progress  for  several  years. 
Tliis  likelihood  is  borne  out  by  other  accounts.  It  is  stated  that 
sometimes  during  the  course  of  brush  fires  on  the  hills  sudden  darts 
of  flames  may  be  seen  at  night  from  a  considerable  distance — the 
result  of  the  setting  on  fire  of  gas  escaping  from  the  rocks. 

Other  cases  of  burning  in  the  shale  have  been  observed  in  recent 
years  at  the  San  Marcos  ranch  in  the  Santa  Ynez  Valley,  and  at  the 
mouth  of  Rincon  Creek,  on  the  coast  near  Santa  Barbara,  as  de- 
scribed by  H.  C.  Ford."     The  phenomena  exhibited  resemble  those 

oBull.  Santa  Barbara  Soc.  Nat.  Illst.,  vol.  1,  No.  2,  October,  1890. 


of  aolfataras  and  have  given  rise  to  the  opinion  that  volcanic  activity 
is  present  in  this  region.  T!\is  so-called  "Rincon  volcano"  existed 
hefore  1855,  bein}!  referred  to  in  the  Pacific  Railroad  reports;  this 
shows  that  the  burning  has  continued  a  long  time. 


Outcrops  of  burnt  shale  occur  in  eight  or  ten  localities  in  the  Santa  | 
Maria  district.     The  best  examples  are  at  various  places  along  the  1 
ridge  of  the  Casmulia  Hills  from  a  point  south   of  Schumann  to  I 
Waldorf;  on  the  north  and  south  sides  of  Graciosa  Ridge;  and  on 
Redrock  Mountain  4  miles  southeast  of  Los  Alamos.     In  each  of  ] 
these  regions  every  stage  of  alteration  ia  exliibited,from  the  slightly  I 
discolored  shale  to  hard  slagUke  rocks  of  varjTng  shades  of  red  and  1 
black.     The  area  of  altered  shale  in  the  different  localities  ranges  I 
from  about  a  hundred  s(]uare  feet  to  a  half  a  square  mile  or  more,  as 
at  Redrock  Mountain.     In  each  the  burnt  rock  is  surrounded  by  unal- 
tered, usually  soft,  wliite,  diatomaceous  shaJes  which  in  niost  places 
show  the  planes  of  stratification.     At  no  point  observed  was  a  sign 
of  stratification  left  in  the  baked  shale.     In  every  occurrence  the  shales 
in  the  neighborhood  are  bituminous  and  asphalt  deposits  are  usually 
adjacent. 

The  largest  area  of  altered  shale  is  on  the  summit  and  surrounding 
ridges  of  Redrock  Mountain.  This  is  the  highest  of  the  hills  in  the 
basin  region  between  the  San  Rafael  and  Santa  Ynez  mountains, 
being  1,968  feet  above  the  sea;  the  height  of  most  of  the  summits  in 
the  vicinity  is  from  1,000  to  1,500  feet.  Redrock  Mountain  seems  to 
owe  its  prominence,  at  least  in  part,  to  the  metamorphosed  shale  that 
forms  its  summit.  Likewise,  in  the  800-foot  hill  on  the  southeast  side 
of  Schumann  Pass,  the  capping  of  this  same  character,  resembling 
volcanic  rock,  seems  to  have  caused  the  topographic  relief.  The 
metamorphism  in  these  locaUties  probably  took  place  a  long  time 
ago.  At  Redrock  Mountain  great  deposits  of  asphalt  are  in  places 
in  contact  with  the  altered  shale,  and  there  is  a  large  area  of  shale 
impregnated  with  bitumen. 


The  depth  to  which  alteration  has  extended  below  the  surface  in 
these  occurrences  is  difficult  to  detemiine.  A  cliff  of  burnt  shale 
50  to  100  feet  high  is  exposed  4i  miles  due  south  of  Guadalupe,  and 
the  difference  of  elevation  of  points  in  the  Redrock  Mountain  neigh- 
borhood where  the  altered  rock  outcrops  amounts  to  several  hundred 
feet.  That  such  metamorphism  of  the  shale  has  not  been  solely  a 
surface  phenomenon  is  shown  by  the  fact  that  burnt  shale  has  been 
found  at  considerable  depths  in  drilling.  Mr.  Orcutt,  of  the  Union  Oil 
Company,  exhibited  samples  of  red  shale,  coming  from  depths  of  950 
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to  1,040  feet  below  the  surface  in  Hill  well  No.  1,  in  the  Lompoc  field, 
which  are  identical  in  appearance  and  texture  with  the  burnt  shale 
elsewhere.  Traces  of  petroleum  were  associated  with  the  upper 
stratum  of  burnt  shale  in  this  well.  In  numerous  other  wells  in  the 
Santa  Maria  field  red  shale,  doubtless  burnt,  was  found  at  depths 
ranging  between  90  and  330  feet  below  the  surface.  The  hardening 
consequent  on  the  burning  has  in  some  places  rendered  the  rock  dif- 
ficult to  pierce  with  the  drill. 

LITnOLOGIC    CHARACTER   OP    BURNT   SHALE. 

The  burnt  shale  exhibits  all  stages  of  change  from  a  slight  indura- 
tion and  discoloration,  due,  probably,  to  oxidation  of  iron,  to  an 
extreme  hardening  and  partial  fusion.  Where  slightly  altered,  the 
normal  white  shale  assumes  a  light-pink  color.  From  this  stage  it 
passes  through  various  shades  of  rose  and  brick-red  and  deepens  in 
color  to  a  reddish,  bluish,  or  greenish  black,  or  even  a  true  black.  In 
the  advanced  stages  of  change  it  becomes  a  rough,  brittle,  reddish, 
porous  slag,  like  vesicular  lava,  or  a  verj^  hard,  compact,  dark,  and 
dull-colored  rock,  looking  something  like  a  compact  igneous  rock. 
An  example  of  partly  vesicular  and  partly  compact  burnt  shale  is 
shown  in  PL  V,  B  (p.  36).  Burnt  shale  is  not  crystalline,  but  the 
texture  is  so  variable  as  to  give  a  patchy  appearance  to  surfaces.  In 
one  place  it  may  be  compact  and  black,  nearly  full  of  irregular  cavi- 
ties, surrounded  by  patches  of  different  colors;  in  another,  vesicular 
and  reddish.  Whereas  the  weight  of  the  original  shale  is  slight,  the 
lighter  varieties  having  a  specific  gravity  less  than  that  of  water,  the 
excessively  burnt  shale  is  verj^  heavy.  The  material  has  evidently 
contracted  to  much  less  than  its  original  volume,  the  angular  cavities 
and  irregular  vesicles  being  one  consequence  of  this  contraction. 

Under  the  microscope  the  rock  in  the  more  advanced  stages  of  alter- 
ation appears  to  have  an  exceedingly  fine  grained,  amorphous,  porous 
groundmass,  discolored  with  reddish-brown  or  gray  stains.  Black 
filaments  and  dots  appearing  like  carbonaceous  material  are  common. 
Exceedingly  minute  rounded  and  irregular  grains  scattered  through 
the  whole,  but  forming  no  appreciable  proportion  of  it,  are  the  only 
portions  visible  under  crossed  nicols.  They  extinguish  four  times  in 
a  revolution  of  the  field  and  are  probably  clastic  quartz  grains. 
These  are  characteristic  of  the  unaltered  shale  as  well. 

G.  H.  Eldridge"  notes  an  occurrence  of  burnt  shale  near  the  old 
Blake  asphalt  mine,  south  of  Graciosa  Ridge.  He  says:  ^^The  shale 
now  appears  red,  ashlike  to  hard  and  clinker-like,  glazed,  or  silicified; 
bodies  of  bitumen  contained  wnthin  this  have  the  appearance  of  a 
coke,  as  though  derived  from  the  solid  fixed  carbon  of  the  petroleum.'^ 

oThe  asphalt  and  bituminous  rock  deposits  of  the  United   States:    Twenty-second  Ann.  Rept. 
U.  S.  Geol.  Survey,  pt.  1,  1901,  p.  428. 


The  likeness  of  varieties  of  tlie  burnt  shale  lo  volcanic  rocks  ia  indi- 
cated by  the  fact  that  Thomas  jXjitisell,  in  his  account  of  the  geology 
of  the  Coast  Ranges  in  the  Pacific  Railroad  reports,"  describes  "  scori- 
aceous"  and  " amygdaloid al  lava,"  "whitish-gray,  hard  trachytic 
rock,"  "volcanic,"  and  "igneous  rocks"  in  the  region  of  Santa  Ynez 
River,  evidently  having  reference  to  the  burnt  shale.  lie  considered 
these  rocks  to  be  eruptive  masses,  forming  the  oldest  and  axial  rocks 
of  the  hill  ranges,  whereas  they  are  part  of  the  Monterey  shale,  which 
overlies  the  basement  formation.  He  regarded  the  associated  diato- 
niaceous  shales  in  some  places,  although  not  in  others,  as  "magnesian" 
and  "tremolite"  rocks  of  igneous  origin,  and  refers  to  the  places 
where  the  shale  is  burning  as  examples  of  present  volcanic  activity. 

TAUSB    or  THE    ALTBttATIOV, 

There  can  be  little  doubt  that  the  burnt  condition  of  the  shale  is 
in  all  places  the  result  of  heat  produced  by  combustion  of  its  hydro- 
carbon content.  The  phenomenon  is  confined  to  the  Monterey  shale, 
which  is  the  source  of  a  large  part,  of  the  California  petroleum,  and 
to  those  regions  in  which  this  formation  is  extremely  bituminous. 
The  shale  in  many  such  places  is  impregnated  with  petroleum  and 
the  cracks  partially  filled  with  it.  The  areas  of  altered  shale  are 
almost  invariably  situated  in  the  vicinity  of  oil  seepages,  which 
iisually  denote  a  fractured  condition  of  the  rocks  such  as  would 
allow  fire  to  spread  and  be  supported.  The  observance  of  fires 
actually  in  progress  in  the  shale  and  the  changes  that  have  taken 
place  in  the  neifrhboriog  rocks — changes  in  ever^-  way  similar  to 
those  in  localities  where  no  fire  exists  at  present — give  the  best  clues 
to  the  manner  in  which  the  shale  has  been  baked  in  other  piac«8.  It 
is  difficult  to  conceive  another  soum^e  of  heat  sufficient  to  cause  local 
baking  of  the  shale  in  otherwise  unaltered  strata  at  a  depth  of  1.000 
feet  below  the  surface  in  such  a  case  as  has  been  mentioned.  Prob- 
ably there,  as  on  the  surface,  it  was  due  to  ignition  of  bituminous 
material.  It  is  probable  that  fire  started  in  the  petroliferous  shale 
at  the  surface  and  threaded  its  way  downward  along  cracks  partially 
filled  with  bitumen.  The  failure  to  smother  the  fire  in  the  shale  on 
Graciosa  Ridge,  previously  noted,  indicates  that  such  fires  are  able 
to  survive  with  a  small  air  supply.  On  the  other  hand,  if  the  above 
theory  is  correct,  it  indicates  that  a  consiilcrable  amount  of  oxygen 
raay  be  present  in  the  rocks  at  such  a  depth. 

In  this  connection  it  may  be  mentioned  that  the  temperature  in  a 
well  near  the  one  in  which  the  burnt  shale  was  found  was  152°  F., 
at  a  depth  of  3,600  feet.  The  cause  of  ignition  may  be  kindled  fires, 
lightning,  or  the  spontaneous  combustion  of  the  hydrocarbons  or 

■  ExplnnitlimsnuilHurveyiilortliii  Padfio  Railrowl,  tqI.  7,  I8J7,  pp.  65-73. 
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surface  vegetation.  Many  of  the  recent  cases  of  burning  are  directly 
traceable  to  the  first  cause,  but  for  those  which  may  have  taken  place 
before  the  advent  of  man  either  the  second  or  third  cause  will  have 
to  be  invoked. 

RANGE   IN   TIME    OF  THE  PHENOMENON. 

As  already  mentioned,  the  marked  influence  of  the  hardened  shale 
on  the  topography  in  certain  places  indicates  that  it  originated  in 
those  places  a  long  time  ago.  The  age  of  some  of  the  burnt  shale  is 
further  shown  by  the  presence  of  numerous  fragments  of  it  at  a 
depth  of  at  least  10  feet  below  the  surface  in  horizontal  beds  of  Pleis- 
tocene age.  These  beds  consist  of  sand,  clay,  and  rough  gravel,  and 
form  the  low  hills  between  Guadalupe  Lake  and  the  high  hills  to  the 
west.  The  fragments  of  shale  are  little  worn  and  evidently  of  local 
derivation,  having  possibly  come  from  the  cliffs  already  mentioned 
south  of  Guadalupe.  The  fact  that  the  Monterey  shale  has  imder- 
gone  this  kind  of  baking  in  Pleistocene  as  well  as  in  recent  time  indi- 
cates further  that  the  accumulation  of  the  oil  and  its  dissemination 
in  the  surface  rocks  took  place,  or  were  taking  place,  before  the 
latest  orogenic  movements  in  this  coastal  region. 

FERNANDO   FORMATION    (mIOCENE-PLIOCENE-PLEISTOCENE). 

GENERAL  STATEKEVT. 

The  name  Fernando  was  first  applied  by  Homer  Hamlin  to  a  series 
of  rocks  overlying  the  Monterey  in  the  San  Fernando  Valley,  Los 
Angeles  County.  The  formation  has  since  been  recognized  by 
Eldridge  and  Arnold^  in  the  region  of  the  Puente  Hills,  Los  Angeles, 
and  Santa  Clara  Valley  oil  districts,  where  it  is  a  series  of  unaltered 
sedimentary  rocks  lying  unconformably  over  the  Monterey,  and 
probably  representing  a  portion  of  upper  Miocene  time,  the  whole  of 
the  Pliocene,  and  a  part  of  the  Pleistocene.  Its  lower  portion  is  the 
equivalent  of  the  Santa  Margarita  and  Pismo  formations,  and  its 
upper  portion  is  contemporaneous  with  the  Paso  Robles  formation, 
as  these  three  are  described  by  Fairbanks  in  the  San  Luis  folio.'' 

In  the  region  at  present  under  discussion  the  name  Fernando  is 
ap])lie(i  to  a  similar  formation  that  represents  a  large  part  of  the 
Pliocene  and  probably  includes  the  upper  Miocene  and  part  of  the 
lowest  Pleistocene.  It  consists  throughout  of  a  series  of  sandstone, 
conglomerate,  and  shale  resting  unconformably  upon  the  Monterey. 
Unconformities  also  exist  locally  within  the  Fernando.  It  attains 
a  thickness  of  at  least  3,000  feet,  but  no  one  section  exposes  the  whole 
series  and  it  is  probable  that  the  formation  includes  a  considerably 
greater  thickness.     It  is  widespread  in  the  northern  part  of  Santa 

o  The  Santa  Clara  Valley,  Los  Angeles,  and  Puente  Hills  oil  districts,  southern  California:  Bull. 
U.  S.  Geol.  Survey  No.  309,  1907,  pp.  22-28. 
b  Geologic  Atlas  U.  8.,  foUo  101,  U.  S.  Geol.  Survey,  1904.. 


Barbara  County,  where  it  was  deposited  in  the  old  basin  between  the  ] 
Santa  Ynez  and  San  Rafael  ranges.  It  covers  up  the  Monterey  ' 
over  the  greater  part  of  the  basin,  and  as  its  structure  in  most  places 
there  conforms  approximately  to  that  of  the  Monterey,  it  is  a  fairly 
good  key  to  the  folding  that  has  taken  place  in  this  underlying 
formation.  The  relation  between  ihe  Monterey  and  Fernando  is  of 
a  somewhat  perplexing  nature.  An  unconformity  in  dip  between 
the  two  was  not'to  be  definitely  made  out  on  examination  of  the 
exposed  contact  in  any  part  of  the  central  basin,  because  of  the 
fact  that  the  Monterey  and  Fernando  were  subjected  pra<'ticaIJy  to 
the  same  movements  over  a  large  part  of  the  region,  Lithologic 
similarity  of  parts  of  the  Fernando  to  the  Monterey  is  also  an  ol>stacle 
to  their  difTerentiation.  But  pebbles  of  Monterey  shale  and  flint, 
showing  here  and  there  pholas  Iwrings  and  giving  evidence  of  marine 
ileposilion,  are  abundant  in  the  Fernando.  In  fact,  the  greate^r  part 
of  the  coarse  detrital  material  of  the  Fernando  conglomerate  is 
derived  from  the  Monterey,  proving  that  its  period  of  deposition 
was  one  of  erosion  in  the  previously  deposited  shale,  that  it  followed 
the  uplift  above  sea  level  of  a  portion  of  the  Monterey,  and  that  it 
was  subsequent  to  the  formation  of  the  flint  in  that  shale  series. 
The  importance  of  the  break  between  the  two  is  indicated  by  the 
change  in  character  of  the  deposits  from  organic,  probably  deep- 
water  sediments  almost  free  from  erosional  debris  to  sandy  and 
gravelly  deposits  derived  from  the  wearing  away  of  bard  land  areas. 
This  change  was  hardly  as  marked  as  that  ocourring  in  the  reverse 
order  at  the  close  of  Vaqueros  time,  although  it  accompanied  what 
was  probably  a  greater  time  and  structural  break.  The  apparent 
structural  conformity  between  the  Monterey  and  Fernando  at  most 
places  within  the  basin  region  is  probably  due  to  the  previously 
almost  undisturbed  attitude  of  the  shale  upon  which  the  Fernando 
was  laid  down  and  the  subsequent  disturbance  of  both  formations 
at  the  same  time.  Bui.  renmants  of  the  Fernando  left  around  the 
border  exhibit  less  conformity  with  the  underlying  Monterey,  owing 
doubtless  to  the  fact  that  the  .shale  of  the  latter  was  upheaved  around 
the  edges  of  the  basin  to  form  the  mountains  bordering  it  during 
the  j)eriod  intervening  between  the  close  of  Monterey  time  and  the 
beginning  of  deposition  of  the  Fernando. 

The  chief  importance  of  the  Fernando  in  connection  with  studies 
of  this  oil  field  is  derived  from  the  facts  that  it  hides  the  oil-liearing 
formation  over  a  wide  area;  that  it  afi"ords  through  its  structure, 
however,  a  clue  to  the  structure  of  the  underlying  Monterey;  and 
that  it  acts  as  a  reservoir  for  oil  (Arroyo  Grande  field)  and  as  a  recep- 
tacle for  escaping  bituminous  material.  In  the  last-mentioned  way 
it  gives  origin  to  a-sphalt  deposits  of  economic  value  and  to  cappings 
of  hard  asphalt  that  may  be  of  significance  as  an  aid  in  the  retention 
of  the  oil  within  the  Monterey. 
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LITHOLOOIC  OHARAOTEE. 

This  formation  is  mapped  as  a  unit,  although  it  certainly  rep- 
resents a  long  period  during  which  sedimentation,  continuous  in 
the  region  as  a  whole,  was  locally  intermittent  and  carried  on  under 
difTering  conditions,  owing  to  the  differential  elevations  to  which 
the  region  was  subjected.  The  stratum  resting  upon  the  Monterey 
in  one  place  is  apt  to  be  absent  in  another,  where  an  overlap  of  one 
or  another  stratum  may  occur.  The  lowest  recognized  Fernando 
rocks  occur  south  of  Sisquoc,  where  the  Monterey  is  overlain  by  a 
bed  of  brecciated  and  waterwom  shale  derived  from  it  and  cemented 
by  argillaceous  sand,  above  which  lies  about  200  feet  of  fine  sand, 
succeeded  by  a  50-foot  layer  of  diatomaceous  shale  that  is  indistin- 
guishable from  that  of  the  Monterey.  Above  this  shale  the  series 
grades  up  through  about  600  feet  of  fine  white  and  yellow  sand  and 
coacse  sand,  until  a  bed  of  conglomerate  is  reached.  At  other  places, 
as  south  of  Waldorf  and  south  of  Harris,  the  lowest  stratum  found 
at  Sisquoc  is  either  wanting  or  of  minor  importance,  and  beds  of  dia- 
tomaceous shale  lie  conformably  over  the  Monterey  shale,  making 
the  dividing  line  very  hard  to  find.  West  of  Waldorf  the  contact 
is  marked  for  miles  by  a  bed  of  brecciated  Monterey  shale  of  coarse 
and  fine  fragments,  in  places  cemented  into  a  hard  amalgam  by  a 
paste  of  bituminous  material.  Here  the  overlying  beds  are  made 
up  of  fine  shale  and  sand  and  pebbly  sandstone,  which,  though  actually 
separated  by  an  important  unconformity  from  the  Monterey,  as 
indicated  by  the  brecciated  zone  and  the  abundance  of  pebbles  of 
that  formation  in  them,  are  conformable  in  dip  with  the  underlying 
beds.  A  still  younger  series  of  fossiliferous  shale  and  sand  marks 
the  base  of  the  Fernando  1^  miles  northeast  of  Divide,  and  also  north- 
east of  Schumann  and  northwest  of  Mount  Solomon;  and  on  the 
summit  of  the  ridge  in  the  vicinity  of  the  head  of  Pine  Canyon, 
halfway  between  the  two  latter  localities,  the  Monterey  is  capped 
by  what  appears  to  be  a  part  of  the  same  series  somewhat  younger 
still.  This  shows  that  at  the  locality  near  the  head  of  Pine  Can- 
yon either  an  overlap  of  the  late  Fernando  occurred  on  an  old 
eminence  of  Monterey  shale  that  was  above  the  sea  at  the  time  of 
the  deposition  of  the  part  of  the  Fernando  immediately  preceding, 
causing  the  omission  on  its  summit  of  hundreds  of  feet  of  sedi- 
ments which  were  deposited  around  its  base;  or  else  the  portion 
of  the  Fernando  preceding  this  series  was  removed  from  above  the 
Monterey  during  a  period  of  erosion  within  Fernando  time,  this 
period  being  followed  by  subsidence. 

Along  the  ridge  1  mile  southeast  of  Redrock  Mountain,  in  the 
Purisima  Hills,  there  is  a  capping  of  diatomaceous  shale  resembling 
that  of  the  Monterey  in  every  respect,  but  containing  characteristic 
Fernando  fossils.  It  was  not  suspected  that  this  shale  belonged  to 
a  formation  distinct  from  the  Monterey  until  the  fossils  were  found. 
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It  would  be  difficult  to  work  out  the  limits  of  the  area  that  this 
remnant  covers.  In  all  probability  it  is  very  small,  and  it  has  not 
been  shown  on  the  map.  This  shale  here  forms  the  base  of  the 
Fernando.  A  pebbly  layer  with  constituent  well-worn  pebbles  of 
Monterey  shale  embedded  in  sand  has  aided  in  the  accumulation  of 
asphalt  on  the  summit  of  the  ridge  near  by,  where  it  probably  marks 
the  basal  line  of  the  Fernando  formation. 

Above  the  soft  diatomaceous  or  gritty  shale  and  fine  white  sand 
that  is  common  at  or  near  the  bottom  of  the  Fernando  the  bulk  of 
the  formation  is  composed  of  rather  loosely  consolidated  fine  white 
and  yellow  sand  and  coarser  gray  sand  that  grades  here  and  there 
into  thick  beds  of  loose  conglomerate.  The  conglomerate  is  made 
of  well-wdm  pebbles,  mostly  of  flint  and  hard  shale,  embedded  in  a 
coarse  sandy  matrix.  Locally  the  sand  and  conglomerate  are  ex- 
tremely hard,  owing  usually  to  the  presence  of  a  large  number  of 
mollusk  shells  from  which  a  calcareous  cement  has  been  derived. 
The  most  prominent  bed  of  conglomerate,  and  one  that  seems  to  be 
constant  over  the  whole  region,  occurs  from  800  to  1,000  feet  up  in 
the  series  (above  the  lowest  horizon)  just  north  of  Canada  de  los 
Alisos,  on  La  Laguna  grant.  What  is  probably  the  same  bed  is  well 
exposed  in  cUffs  west  of  Canada  Lagima  Seca,  1  i  miles  south  of  the 
Los  Alamos  Valley.  This  loose  aggregate  of  sand  and  pebbles  in 
alternating  strata  of  coarse  and  fine  material  is  dominantly  com- 
posed of  the  light-colored  pebbles  of  Monterey  shale.  Pebbles  of 
other  varieties  occur  more  sparingly.  Above  the  conglomerate  lies 
a  stratum  of  limestone  that  is  constant  over  the  whole  region  and 
seems  to  mark  a  division  in  the  Fernando.  There  are  two  or  more 
massive  beds  of  hard  limestone  interbedded  with  soft,  gray,  very 
alkaline,  earthy  material,  making  a  total  thickness  ranging  from  10 
to  perhaps  50  feet.  Its  fossils  indicate  that  it  is  of  fresh-water 
origin,  and  possibly  it  marks  the  base  of  a  fresh  or  brackish  water 
series.  The  portion  of  the  Fernando,  overlying  this  limestone  prob- 
ably corresponds  to  the  fresh- water  Paso  Robles  formation  oT  the 
Salinas  Valley  described  by  Fairbanks  in  the  San  Luis  folio.  In 
some  places  where  this  higher  portion  of  the  Fernando  above  the 
limestone  has  not  been  worn  away,  it  is  found  to  consist  of  little- 
consolidated  beds  of  fine  sand,  gravel,  and  clay  that  look  as  if  they 
might  have  been  laid  down  in  fresh  water,  but  no  proof  of  their 
origin  has  been  found.  Such  beds  are  well  exposed  in  the  foothills 
of  the  San  Rafael  Range  north  of  Santa  Ynez,  where  they  weather 
characteristically  into  cliffs  at  the  summit  of  hills.  A  view  of  such 
an  exposure  is  given  in  PI.  VI,  A  (p.  46),  which  affords  a  good  idea  of 
the  rough  alternating  beds  of  coarse  material.  No  good  lithologic  or 
paleontologic  criteria  are  known  by  which  this  series  may  be  sepa- 
rated from  the  lower  portion  of  the  Fernando,  and  they  are  there- 
fore mapped  as  a  unit. 
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STKUOTTJKE. 

• 

As  has  been  stated,  the  Fernando  is  generally  so  nearly  conform- 
able with  the  Monterey  that  it  is  difficult  to  draw  a  line  between 
them  on  the  basis  of  a  discrepancy  in  dip.  Nevertheless,  it  is  in 
general  true  that  folding  has  been  gentler  in  the  Fernando  than  in 
the  Monterey.  It  would  seem  that  the  older  formation  had  been 
disturbed  in  varying  amounts,  in  some  places  severely  and  in  others 
gently,  during  the  process  of  uplift  that  put  an  end  to  its  period  of 
deposition.  As  a  result  the  dips  at  the  present  time  in  the  Fer- 
nando are  apt  to  be  less  steep  than  in  the  Monterey,  but  folding  has 
gone  on  largely  along  old  lines,  so  that  conformity  in  strike  between 
the  two  formations  is  the  rule. 

Wide,  low  folds  are  characteristic  of  the  structure  in  the  Fernando 
within  the  Santa  Maria  basin  region.  This  is  illustrated  by  die 
broad  anticlines  in  this  formation  in  the  Solomon  Hills,  the  broad 
anticline  in  the  Purisima  Hills,  and  the  synclines  in  the  Ijos  Alamos 
and  Santa  Rita  valleys,  in  which  the  dips  range  from  5°  to  25®  as  a 
rule  for  a  long  way  on  either  side  of  the  fold  and  rarely  become 
steeper  than  30°  or  35°.  In  places,  as  south  and  west  of  Sisquoc 
and  west  of  Canada  Laguna  Seca,  the  beds  are  almost  if  Hot  quite 
horizontal,  but  this  is  exceptional.  Curves  and  plunges  in  the  pre- 
existing low  folds  in  the  Monterey  gave  rise  to  structural  basins  in 
which  the  Fernando  was  deposited  as  a  filling.  Such  was  the  origin 
of  the  oval  area  of  Fernando  sand  covering  the  eastern  portion  of 
the  Todos  Santos  y  San  Antonio  grant.  This  basin  is  the  westward 
extension  of  a  great  synclinal  basin  that  runs  from  that  locality  first 
eastward  and  then  southeastward  across  the  Los  Alamos,  La  Laguna, 
and  Corral  de  Quati  grants  and  has  determined  the  position  of  the 
Los  Alamos  Valley.  The  northern  arm  of  this  syncline  slopes  grad- 
ually up  to  the  axis  of  the  Solomon  Hills,  and  the  southern  arm  rises 
abruptly  into  the  Purisima  Hills,  the  slope  on  both  sides  conforming 
A\4th  the  topography.  The  region  of  low  slopes  covered  by  parts  of 
the  Mission  La  Purisima  and  Santa  Rita  grants  is  a  somewhat  simi- 
lar wide  synclinal  basin  filled  with  soft  Fernando  sediments.  The 
Fernando  is  steeply  upturned  along  the  northeastern  border  of  the 
Casmalia  Hills,  where  it  stands  almost  vertically  in  contact  with 
much  disturbed  and  in  places  overturned  beds  of  the  Monterey 
shale.  It  is  upturned  also  where  it  rests  against  the  serpentine 
north  of  Alamo  Pintado  Creek  on  the  La  Laguna  grant,  and  south- 
west of  Los  Alamos  it  seems  to  dip  very  steeph^  under  the  brow  of 
an  overturn  in  the  Monterey.  In  the  San  Rafael  Mountains  patches 
of  Fernando  deposits  occur  as  remnants,  and  the  beds  in  many 
places  are  steeply  folded  or  turned  completely  on  edge.  They 
exhibit  unconformity  with  the  Monterey.  In  at  least  three  places 
the  Fernando  is  afi'ected  by  faulting — a  few  miles  west  of  Los  Ala- 
mos, in  the  neighborhood  of  Cebada  Canyon,  and  along  the  fault 
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crossing  Labrea  Creek.     In  the  first  two  the  dip  of  the  beds  is  mod- 
erate and  the  disturbance  is  not  great. 

DISTRXBTTTIOK. 

An  idea  of  the  distribution  of  the  Fernando  may  be  well  obtained 
from  the  map  (PI.  I,  in  pocket),  as  it  is  not  covered  by  so  many  forma- 
tions as  the  older  series.  It  is  much  more  widespread  near  the  surface, 
however,  than  appears  on  the  map,  since  it  is  probably  present  and 
hidden  by  only  thin  deposits  over  a  great  part  of  the  area  mapped 
as  terrace  deposits  and  alluvium. 

The  general  character  of  the  Fernando  is  that  of  a  filling.  Its  soft, 
loose,  spreading  sands,  which  preserve  poorly  evidence  of  low  folds, 
form  moundlike  hills  and  broad  valleys  that  convey  the  idea  of  a 
filled  topography.  But,  on  the  other  hand,  harder  beds  and  surface 
cappings  due  to  hardening  by  iron  oxide,  which  not  uncommonly  pro- 
duce sharp,  square  outlines,  are  marked  features  of  the  topography, 
as  in  the  vicinity  of  Mount  Solomon,  at  the  head  of  Howard  Canyon. 
On  the  northeastern  border  of  the  Casmalia  Hills,  between  Schumann 
and  Graciosa  Canyon,  a  lime-hardened  sandstone  predominates  and 
forms  a  prominent  ridge.  In  the  Santa  Rita  Hills  the  lines  of  structure 
that  there  curve  around  from  a  westerly  direction  to  the  southeast  are 
brought  out  by  the  resistant  limestone  which  supports  the  northeast 
flanks  of  the  hills.  The  wide-stretching  foothills  of  the  San  Rafael 
Range  north  of  Santa  Ynez  have  a  character  all  their  own.  They  are 
formed  of  gravel,  clay,  and  sand  that  have  the  appearance  of  belong- 
ing to  a  fresh  or  brackish  water  series,  and  they  stand  out  with  many 
bold  faces  that  have  been  cut  in  the  soft  formation,  as  illustrated  in 
t^l.  VI,  -4.  Elsewhere  the  dominant  character  of  the  Fernando  and 
its  topographic  forms  are  due  to  the  soft  sand  which  forms  the  major 
portion  of  the  series. 

EYIDEKCE  OF  AGE. 

At  least  five  and  probably  six  distinct  horizons  are  recognizable  in 
the  Fernando  by  means  of  characteristic  fossil  faunas.  The  locali- 
ties at  which  these  different  faunas  occur,  named  in  their  probable 
relative  order,  beginning  with  the  oldest,  are  as  follows: 

(a)  South  of  Waldorf  in  soft  shale;  south  and  east  of  Sisquoc  in  fine  sandstone. 

(6)  "Sea-urchin  bed,"  Squires  (Santa  Maria  Oil  and  Gas)  lease;  California  Coast 
lease;  south  of  Graciosa-Westem  Union  wells;  west  of  Harris  Canyon;  vicinity 
of  Hill  wells  in  the  Lompoc  field;  and  near  head  of  Howard  Canyon. 

(c)  "Waldorf  asphalt  mine,  railroad  cut  1  mile  northeast  of  Schumann;  Pennsylvania 
asphalt  mine  at  east  end  of  Graciosa  Ridge;  all  in  gray  shale  or  fine  gray  sand- 
stone. 

(</)  Waldorf  asphalt  mine;  railroad  cut  1  mile  northeast  of  Schumann;  Fugler  Point 
asphalt  mine;  Sisquoc  (or  Alcatraz)  asphalt  mine;  and  points  along  north  flank 
of  Casmalia  Hills,  in  coarse  sandstone  or  conglomerate. 

(e)  East  end  of  Folsom  lease  in  soft  sandstone. 

(/)  Fresh  or  brackish  water  beds  immediately  west  of  the  mouth  of  Canada  Laguna 
Seca. 
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The  beds  at  horizon  a  are  of  marine  origin,  are  probably  upper  IGo- 
cene  in  age,  and  correspond  in  a  general  way  to  Fairbanks's  Santa 
Margarita  and  Pismo  formations.  Those  at  horizons  h,  c,  d,  and  e  are 
of  marine  origin,  are  closely  related,  belong  at  the  base  of  the  Pliocene, 
and  are  in  a  general  way  the  equivalents  of  the  middle  Purisima 
and  lower  and  upper  San  IJiego  formations.  At  horizon  /  are  beds 
of  fresh-water  origin,  probably  representing  Fairbanks's  Paso  Robles 
formation  and  Lawson's  marine  Merced  formation. 

The  following  is  a  list  of  the  fossils  obtained  from  the  Fernando: 
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QUATERNARY. 
OEXXRAL  BTATEKEXT. 

Three  distinct  classes  of  Quaternary  deposits  younger  than  the  latest 
Fernando  can  be  differentiated  in  this  region,  a,lthough  it  is  difQcult 
to  distingiiisli  between  them  areally.  They  are  terrace  deposits,  dune 
sand,  and  alluvium,  each  one  of  which  as  mapped  may  possibly  rep- 
resent more  than  one  period  of  deposition.  They  are  deposits  of 
comparatively  little  thickness  laid  down  unconformably  upon  the 
older  formations  suhse«juent  to  the  greater  part  of  the  disturbance 
and  deformation  that  has  affected  the  region. 

TSBRACE  DEPOSITS. 


Terraces  are  common  in  this  region  and  are  among  the  most  promi- 
nent topographic  features.    They  are  fairly  even  surfaces,  invariably 


inclined  slightly  toward  the  ocean  or  the  line  of  drainage,  and  ranging 
in  size  from  tt>na  of  square  miles  to  only  a  few  feet  square.  The  more 
extended  terraces  fringe  the  coast  line  and  the  larger  valleys  and 
cover  areas  of  low  hills.  The  smaller  ones  are  scattered  over  ridges 
and  hilltops  and  along  the  smaller  valleys.  These  terraces  are  cov- 
ered with  a  thin  coating  of  sand  and  gravel,  aod  here  and  there  with 
clayey  material.  The  distribution  of  the  deposits  is  well  shown  on 
the  map,  with  two  general  exceptions.  In  the  first  place,  many  of 
the  strips  of  land  along  valleys  mapped  as  covered  with  terrace 
deposits  may  not  represent  true  terraces,  as  it  is  almost  impossihie 
to  draw  definite  distinctions  between  such  horizontally  bedded  val- 
ley fillings,  true  terrace  cappings,  aud  recent  alluvium.  All  post- 
Fernando  deposits  in  small  valleys  are  therefore  mapped  with  the 
terrace  formation,  and  alluvium  is  shown  only  in  the  extended  valley 
bottoms,  where  dividing  lines  between  it  and  the  terrace  deposits  are 
drawii  arbitrarily.  In  the  second  place,  owing  to  the  lithologic  simi- 
laiity  of  the  Fernando  and  the  terrace-deposit  sand  and  the  similar 
surface  appearance  of  these  two  formations,  the  attempt  has  been 
made  tti  represent  on  the  map  only  a  few  areas  of  the  terrace  sand 
overlying  the  Fernando.  The  Fernando  is  doubtless  capped  by  ter- 
race deposits  in  many  places,  but  it  is  usually  impossible  to  tell 
whether  tliis  is  true  or  not.  The  lines  of  contact  between  these  for- 
mations are  of  necessity  arbitrarily  shown. 

Tlus  similarity  causes  much  difficulty  in  places  in  detej'mining 
whether  the  deposits  belong  to  the  Fernando  or  to  the  later  epoch, 
and  whether  it  is  necessary  to  go  througli  a  great  thickness  of  Fer- 
nando beds  or  only  a  few  feet  to  reach  the  Monterey  below.  Wliere 
fossils,  distinct  lines  of  bedding,  or  tilted  strata  are  present  they  are 
indications  that  the  sand  belongs  to  the  Fernando. 

The  terraces  are  found  commonly  at  all  altitudes  up  to  1,200  reet, 
and  a  few  even  as  high  as  1 ,400  feet.  None  have  been  definitely  rec- 
ognized at  a  higher  elevation. 


The  material  of  the  terrace  deposits  is  usually  sand  and  conglomer- 
ate, for  the  most  part  the  former.  The  sand  is  medium  grained  and 
contains  scattering  water  worn  pebbles.  It  is  normally  soft  and 
grayish,  but  in  many  places  compact,  being  stained  a  reddish  yellow 
and  hardened  by  iron  oxide  or  filled  with  iron-stained  concretions. 
In  this  surficially  compacted  state  it  forms  hard  cappings  on  hilltops 
and  slopes.  Round,  bullet-like,  iron-hardened  concretions  are  char- 
acteristic of  the  derived  soil.  Over  much  of  the  siuface  of  Burton 
Mesa  and  iu  other  places  this  deposit  occurs  as  loose,  grayish  sand, 
hardened  locally  hy  the  action  of  rain  water  and  various  salts  or 
oxide  of  iron.  The  conglomerate — or  gravel,  as  it  might  equally  well 
1784— BuU.  322-07 5 
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be  called — is  composed  of  bowlders,  pebbles,  and  fragments  of  Mon- 
terey flint  and  shale,  besides  pebbles  of  other  rocks  in  smaller  quan- 
tity. Some  of  the  pebbles  are  very  much  waterwom,  but  in  places 
the  number  of  unworn  fragments  of  shale  almost  necessitates  the  use 
of  the  word  *' breccia'^  in  describing  the  deposits.  Evidence  of  bed- 
ding is  rarely  prominent  in  the  typical  terrace  deposits,  but  they 
invariably  appear  to  lie  horizontal,  seeming  to  have  been  little  dis- 
turbed by  the  uplift  of  the  land  that  brought  them  to  their  present 
elevation. 

No  fossils  have  been  found  in  these  deposits,  but  they  contain 
numerous  pholas-bored  pebbles  of  Monterey  shale,  and  in  places,  as 
on  Burton  Mesa,  the  Monterey  shale  itself,  upon  which  the  deposits 
lie,  has  been  bored  by  these  marine  mollusks. 

Many  of  the  cappings  formed  parallel  with  the  surface  through 
hardening  by  iron  oxide  have  the  appearance  of  being  beds  with 
appreciable  dip,  and  are  therefore  misleading.  The  thickness  of  the 
coating  of  Burton  Mesa  is  25  or  30  feet  and  the  cover  of  the  typical 
terrace  in  other  parts  of  the  region  has  about  the  same  thickness. 
Whether  it  attains  a  much  greater  development  than  this  at  any 
place  is  hard  to  tell.  These  shallow  coverings  hide  considerable  areas 
of  the  Monterey  and  obscure  its  structure,  but  most  of  the  canyons 
that  cut  into  the  terraces  reveal  the  presence  of  the  oil-bearing  for- 
mation beneath.  The  thickness  of  the  coatings  is  not  sufficient  to 
make  a  serious  difference  in  the  depth  to  which  it  is  necessary  to 
drill  for  oil.  The  deposits  are  economically  of  importance  as  reser- 
voirs for  the  oil  escaping  from  the  Monterey  shale,  and  thus  they 
give  rise  to  accumulations  of  asphalt.  It  is  usually  impossible  to 
tell  whether  the  sand  that  helps  to  form  the  asphalt  is  a  terrace 
deposit  or  belongs  to  the  Fernando.  The  terrace  sand  can  not  form 
as  deep  asphalt  deposits  as  those  due  to  the  Fernando  sand. 

In  some  of  the  valley  fillings  above  mentioned,  as  for  instance  along 
Salsipuedes  Creek,  and  at  the  west  edge  of  the  Santa  Maria  Valley 
between  Guadalupe  Lake  and  the  Casmalia  Hills,  there  occur  hori- 
zontally bedded  deposits  of  clay,  sand,  and  gravel  differing  in  ap- 
pearance from  the  terrace  deposits  and  possibly  differing  in  age  and 
origin.  A  good  example  of  an  old  valley  filling  which  now  forms  the 
summit  of  a  hill  is  shown  in  PI.  IV,  B  (p.  36).  It  consists  of  a  sandy 
and  earthy  material  through  which  rock  fragments  and  pebbles  are 
scattered.  It  illustrates  the  usual  unconformity  of  the  post-Fernando 
deposits  with  the  older  formations.  The  low  hills  in  the  region  of 
Santa  Ynez  are  formed  largely  of  horizontal  beds  of  fine  gravel 
unlike  the  Pleistocene  deposits  found  elsewhere.  These  exhibit  in 
one  place  an  appearance  of  being  tilted,  though  this  may  be  due  to 
cross-bedding. 
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ORIGIN. 


Most  of  the  terrace  deposits  are  probably  of  marine  origin.  This 
is  proved  in  the  case  of  the  most  typical  deposits  by  the  presence  of 
the  pholas  borings  already  mentioned.  The  deposition  was  carried 
on  in  shallow  water  and  much  of  the  material  was  derived  on  the 
spot  from  the  wearing  away  of  the  shore  line  of  Monterey  shale,  the 
fragments  of  which  were  not  always  subjected  to  much  polishing 
before  being  deposited  and  protected  from  agencies  of  erosion. 
These  deposits  give  undeniable  evidence  of  a  great  uplift  of  the 
coast  during  Pleistocene  time.  It  seems  most  probable  that  the 
terraced  surfaces  resulted  from  marine '  planation  along  gradually 
rising  shore  lines  and  that  the  formation  covering  them  represents 
the  beach  and  shore  deposits.  The  rise  of  the  land  was  probably  too 
rapid  and  the  amount  of  sediment  too  small  to  allow  much  off-shore 
extension  of  the  deposition.  The  material  that  may  have  been 
deposited  in  the  deeper  places  determined  by  the  depressions  in  the 
topography  has  since  probably  been  largely  removed  by  erosion. 
The  terrace  deposits  themselves  have  been  extensively  eroded  and 
in  many  places  are  left  as  mere  remnants.  Some  of  them  have  no 
doubt  been  subsequently  added  to  by  wind-blown  sand. 

It  is  probable  that  some  of  the  terraces  and  horizontal  Pleistocene 
deposits  along  valleys  have  been  formed  by  streams.  Most  of  the 
valley  fillings  were  probably  laid  down  in  this  way.  At  the  mouths 
of  some  canyons,  as  along  the  western  side  of  Graciosa  Canyon, 
Pleistocene  deposits  have  been  built  up  in  the  shape  of  detrital  fans, 
which  have  since  been  carved  into  flat-topped,  steep-sided  blocks  by 
recent  streams. 

DUKE  SAND. 

The  prevailing  northwesterly  wind  from  the  ocean  has  amassed 
great  deposits  of  sand  in  places  along  the  coast.  The  process  has 
probably  been  going  on  all  through  the  Quaternary  period  and  it  is 
hard  to  distinguish  the  older  of  the  eolian  deposits  from  those  partially 
or  entirely  of  marine  deposition.  The  line  of  contact  of  these  forma- 
tions as  mapped  is  arbitrary. 

The  greatest  mass  of  dune  sand  occurs  at  the  northwest  end  of  the 
Casmalia  Hills,  where  the  gradual  slope  down  to  the  sea  from  an  eleva- 
tion of  about  1,200  feet  is  covered  by  loose,  yellow  sand  of  probable 
eolian  origin.  This  drifts  about  incessantly  and  is  probably  still  in 
the  process  of  collecting,  being  supplied  from  the  long,  low,  open 
shore  to  the  north  and  held  in  check  by  the  bulwark  of  the  Casmalia 
Hills  on  the  south.  This  deposit  has  a  thickness  of  several  hundred 
feet.  At  its  base  along  the  coast  is  exposed  a  basal  layer  of  large 
bowlders  and  horizontally  stratified  sand.     The  original  slope  of  the 
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hills  was  probably  at  least  partly  covered  during  the  uplift  of  the 
coast  by  marine  terrace  deposits  similar  to  those  found  elsewhere  in 
the  region,  these  being  later  buried  by  the  gathering  wind-blown 
sand.  Recent  marine  shells  are  widely  scattered  over  the  surface 
of  this  sand,  but  are  not  considered  by  the  writers  as  indicating  its 
marine  origin.  They  were  probably  carried  there  by  Indians  or 
birds. 

South  of  the  Casmalia  Hills,  where  the  coast  is  open  to  the 
winds,  sand  dunes  are  continually  forming  and  covering  up  the  ter- 
race deposits.  The  sand  is  not  retarded  by  an  inland  barrier,  how- 
ever, as  on  the  north  of  the  hills,  and  no  such  vast  deposit  has  been 
formed.  The  sand  is  continually  being  carried  into  the  interior 
valleys  and  spread  thinly  over  a  wide  area. 

ALLTTVIUK. 

All  the  valleys  of  this  region  contain  a  certain  amount  of  alluvial 
material  and  stream  gravels,  which  reach  in  many  localities  a  thick- 
ness of  50  feet  or  more.  In  some  places  the  deposit  is  earthy,  in 
others  sandy  earth,  and  in  still  others  pure  sand,  gravel,  or  clay. 
It  is  as  a  rule  horizontally  stratified.  Recent  deposits  of  this  charac- 
ter attain  considerable  extent  in  the  wide  valleys,  but  it  is  not  easy 
to  distinguish  them  from  Quaternary  deposits  of  different  age  or  of 
somewhat  different  origin.  They  are  mapped  as  distinct  only  in  the 
larger  valleys  and  the  contact  lines  are  arbitrary.  Practically  all 
the  hills  and  valleys  within  the  territory  mapped  have  a  covering 
of  soil. 

IGNEOUS  ROCKS. 
GENERAL    STATEMENT. 

The  formations  in  this  region  are  chiefly  of  sedimentary  origin, 
but  eruptive  and  intrusive  igneous  rocks  of  various  ages  appear. 
These  are  all  basic  in  composition.  Layers  of  volcanic  ash  high  in 
silica  interbedded  with  the  Monterev  are  discussed  with  the  sedi- 
mentary  series  (p.  37).  The  center  for  igneous  rocks  is  in  the  region 
around  Point  Sal  of  which  Fairbanks  made  a  special  study,  and 
the  statements  here  made  in  regard  to  the  igneous  rocks  of  that  region 
are  based  largely  on  his  description.^ 

IGNEOUS    ROCKS    OF    PRE-MONTEREY    AGE. 

Fairbanks  describes  a  small  intrusion  of  basalt  having  a  laccolithic 
appearance  in  the  Knoxville  (lower  Cretaceous)  shales  north  of 
Mount  Lospe,  in  the  Casmalia  Hills,  and  a  large  neighboring  area 
of  spheroidal  basalt  that  he  is  certain  is  older  than  the  Monterey 

a  FairkMUiks,  H.  W.,  The  geology  of  Point  Sal:  Bull.  Dept.  Geology,  Univ.  Calilomia,  vol.  3,  1886, 
pp.  1-92. 


and  believes  to  antedate  the  Knoxville.  It  is  closely  associated  and 
intemiingied  with  bodies  of  diabase  and  gabbro.  This  complex 
forms  Point  Sal  Ridge  and  the  rocky  headland  of  Point  Sal.  Another 
complex  that  be  believes  belongs  in  the  Knoxville  forms  a  long  dike 
north  of  Schumann  Canyon.  It  is  an  exceedingly  complicated  intru- 
sive mass  of  gabbro  and  poridotite  that  has  been  penetrated  by  later 
dikes  of  diabase,  norite,  gabbro,  and  intermediate  types  of  rock. 

The  areas  mapped  as  Franciscan  (Jurassic)  are  largely  occupied  by 
eerpentine  that  was  originally  intruded  in  Franciscan  strata.  This 
serpentine  may  be  older  than  the  Knoxville,  and  the  last-mentioned 
occurrence  of  gabbro  and  peridotite  may  be  contemporaneous  with  it. 

Diabase  was  struck  at  a  depth  of  1,300  feet  in  the  Pezzoni  well 
No.  1 ,  southwest  of  Sisquoc.  It  is  a  considerably  altered  rock  com- 
posed largely  of  serpentine  and  plagioclase  feldspar,  with  some  augite, 
possibly  a  small  amount  of  unaltered  oHvine,  considerable  magnetite, 
and  several  accessory  minerals.  This  occurrence  is  of  considerable 
importance  as  affecting  the  prospects  for  the  production  of  oil  in 
this  neighborhood.  The  <juestion  arises  whether  this  diabase  has 
intruded  the  Monterey,  as  in  the  San  Rafael  Moimtains,  or  whether 
it  is  a  part  of  the  older  igneous  tormations,  in  which  diabase  ia 
common.  The  fact  that  the  rock  is  so  much  altered  probably  indi- 
cates that  it  belongs  to  a  formerly  exposed  older  formation  upon 
which  a  fairly  high  portion  of  the  Monterey  shale  series  has  over- 
lapped. It  is  hardly  conceivable  that  an  intrusion  at  such  a  depth 
in  the  shale  could  have  undergone  so  much  alteration.  In  either 
case,  whether  this  diabase  marks  the  base  of  the  Monterey  or  whether 
the  shales  have  been  intruded  by  an  igneous  mass,  the  conditions  are 
unfavorable  for  the  diseoverj-  of  oil  in  the  immediate  vicinity. 

IGNEOUS    ROCKS    INTRIIDINQ   THE    MONTEREY. 

Tile  youngest  igneous  rocks  occurring  in  the  Santa  Maria  quad- 
rangle and  those  of  chief  interest  in  the  present  connection  are  intru- 
sive in  the  Monterey  {middle  Miocene).  Such  are  five  small  areas  of 
diabase  mapped  by  Fairbanks  south  of  Point  Sal  and  two  areas  of 
diabase  in  the  San  Rafael  Mountains.  The  age  of  tlie  two  latter  is 
somewhat  in  doubt,  but  the  metamorphie  and  disturbed  appearance 
of  the  Monterey  shale  in  their  vicinity  indicates  that  they  originated 
as  dikes  intruding  the  Monterey.  The  shale  appears  hardened  and 
baked  in  the  inmiediate  neighborhood  and  narrow  tongues  of  Mon- 
terey shale,  certainly  altered  along  the  contact,  extend  into  the  mass 
on  Tepusquet  Creek,  .^ong  its  edges  appear  patches  of  Aucdla- 
bearing  sandstone  belonging  to  the  Knoxville,  which  were  probably 
brought  up  from  below  by  the  intrusion.  The  diabase  in  both  areas 
is  of  dark-green  color  and  coarse  texture  and  exhibits  sheared  ser- 
pentinous  facies. 
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Another  intrusion  of  probable  post-Monterey  age  forms  a  single 
outcrop  in  the  hills  7  miles  northeast  of  Point  Conception.  It  is  a 
dike  of  basic  porphyry  related  to  basalt.  On  one  side  of  the  outcrop 
the  bases  of  horizontally  lying  rough  pentagonal  columns  are  well 
exposed.  It  is  not  known  whether  the  sedimentary  rocks  through 
which  this  is  intruded  belong  to  the  Monterey  or  the  upper  part  of  the 
Vaqueros. 

geoijOgic  history. 

EARLIEST  PERIODS. 

The  general  geologic  aspect  of  the  Santa  Maria  district  is  that  of  a 
region  of  comparatively  recent  geologic  formations.  Tertiary  rocks, 
in  places  covered  by  Pleistocene  deposits,  are  predominant,  those 
of  Cretaceous  and  Jurassic  age  less  widespread,  and  older  formations 
entirely  absent.  The  Tertiary  has  received  almost  all  the  attention 
in  the  present  study  and  little  can  be  said  of  the  history  of  the  region 
previous  to  that  period.  The  much-disturbed  and  metamorphosed 
Jurassic  sediments  (Franciscan),  intruded  by  serpentine,  form  the 
basement  of  the  whole  region,  but  outcrop  only  very  locally.  In  Cre- 
taceous time  a  considerable  thickness  of  marine  sediments  was  laid 
down,  but  these  deposits  were  probably  not  greatly  disturbed  before 
the  beginning  of  deposition  in  the  Tertiary.  To  the  present  time  they 
have  remained  unmetamorphosed  and  no  more  affected  by  moun- 
tain-making forces  than  later  formations.  Igneous  intrusions,  how- 
ever, took  place  at  different  times  in  the  Cretaceous. 

EOCENE  PERIOD. 

All  the  greater  divisions  of  the  Tertiary,  with  the  possible  excep- 
tion of  the  Oligocene,  are  represented  by  marine  sediments,  the 
major  part  of  this  time  having  been  .taken  up  by  sedimentation. 
The  relations  between  the  Cretaceous  and  Eocene  rocks  have  not 
been  studied.  Sedimentation  began  at  some  time  in  the  Eocene 
not  yet  determined,  in  the  southern  portion  of  the  region  mapped, 
and  continued  nearly  to  the  end  of  the  P^ocene,  when  it  ceased  for  a 
period  of  unknown  length.  It  was  probably  in  the  period  just  pre- 
ceding that  of  the  deposition  of  the  Eocene  sediments  that  the  forces 
began  to  work  which  caused  the  structural  features  south  of  the 
region  where  the  San  Rafael  Mountains  now  stand  to  assume  an  east- 
west  trend.  In  this  way  may  have  beei^  formed  the  depression 
extending  east  and  west  across  the  region  now  occupied  by  the 
Coast  Ranges,  which  afforded  a  basin  of  deposition  for  the  Eocene 
and  possibly  a  connection  between  the  ocean  and  the  basins  in  which 
strata  of  the  same  age  were  deposited  in  the  interior.  A  large  part 
of  the  Santa  Ynez  Mountains  is  composed  of  Eocene  strata  which 
have  been  lifted  up  along  east-west  lines  of  structure.     The  main 
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uplift  did  not  occur  at  the  close  of  Eocene  time,  but  it  is  probable 
that  orogenic  movements  did  bring  to  a  close  the  period  during 
which  the  Eocene  sediments  were  laid  down  by  raising  the  strata 
sUghtly  above  the  sea  and  preventing  for  a  time  further  deposition. 
How  long  this  time  was  is  not  known,  but  it  corresponds  approxi- 
mately with  the  Oligocene. 

LOWER  MIOCENE  PERIOD. 

The  movements  immediately  following  the  deposition  of  the 
Eocene  caused  no  appreciable  disturbance  in  the  Eocene  strata,  and 
when  sedimentation  recommenced  over  the  same  area  in  lower 
Miocene  time  neither  the  old  nor  the  new  strata  prescribed  any  posi- 
tive evidence  in  their  relative  position  that  a  time  break  had  occurred. 
The  great  masses  of  coarse  conglomerate  forming  the  base  of  the 
lower  Miocene  portion  of  the  group  record  a  change  to  conditions 
of  very  shallow  water,  and  the  abrupt  change  of  faunas  indicates 
that  a  long  time  interval  separated  their  deposition  from  that  of  the 
subjacent  Eocene.  It  is  most  probable,  however,  that  the  post- 
Eocene  movements,  which  were  gentle,  were  also  somewhat  local, 
and  that  in  portions  of  the  Santa  Ynez  Mountains  to  the  east  of  the 
region  under  discussion  sedimentation  was  more  nearly  continuous. 
At  about  the  close  of  the  Oligocene  period  the  Eocene  basin  was 
again  depressed;  deposition  of  sediments,  almost  entirely  of  detrital 
origin  and  very  similar  to  those  previously  laid  down,  ensued  in  a 
widening  area  covered  by  the  sea;  and  subsidence  of  the  land  gradu- 
ally continued.  The  Vaqueros  formation,  which  resulted  from  this 
period  of  depression,  represents  the  greater  part  of  lower  Miocene 
time. 

MIDDLE  MIOCENE  PERIOD. 

The  middle  Miocene  (Monterey)  shale  formation  is  one  of  striking 
individuaUty,  and  conditions  of  unusual  character  prevailed  during 
its  period  of  deposition.  At  the  beginning  of  middle  Miocene  time 
the  land  sank  over  a  large  part  of  the  region  of  California  now  occu- 
pied by  the  Coast  Ranges  and  fairly  deep  water  conditions  became 
prevalent.  The  wearing  away  of  extended  land  areas  ceased  as  they 
became  submerged,  and  the  material  for  the  formation  of  coarse 
detrital  deposits  was  no  longer  plentiful.  Two  varieties  of  deposits, 
which  were  largely  of  organic  origin,  were  the  chief  ones  to  be  formed 
during  the  long  period  that  followed.  These  were  the  laminated 
limestones  and  the  much  more  abundant  siliceous  shales.  Silt  of 
extremely  fine  grain,  both  of  siliceous  and  argillaceous  nature',  was 
swept  into  the  sea  waters,  probably  from  considerable  distances,  and 
settled  down  to  form  a  considerable  proportion  of  the  deposits;  but 
sand  and  other  coarse  detritus  found  their  way'  only  at  rare  interva  Is 
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to  the  main  portions  of  the  quiet  sea  bottom  which  was  formerly 
the  surface  of  the  land  and  which  had  been  given  a  comparatively  low 
relief  by  the  long  period  of  erosion  that  preceded  the  submergence. 

During  the  period  of  transition  between  the  Vaqueros  and  the  Mon- 
terey, limestone  was  formed  chiefly,  but  somewhat  inclosed  basins 
where  deposits  of  alkaline  mud  were  laid  down  apparently  existed  in 
places.  Such  a  basin  is  indicated  by  the  alkaline  gypsiferous  clays  on 
the  south  side  of  the  Casmalia  Hills,  probably  representing  upper 
Vaqueros.  In  some  places,  as,  for  instance,  in  the  San  Rafael  Moun- 
tains, sandstone  beds  were  formed  early  in  Monterey  time,  probably  in 
the  neighborhood  of  locally  unsubmerged  areas.  But  later  very  little 
sand  was  deposited  anywhere.  Further  submergence  no  doubt  took 
place  during  the  period,  removing  the  sources  of  this  sand  and 
allowing  to  be  deposited  under  fairly  constant  conditions  a  thickness 
of  beds  greater  than  a  mile.  It  is  not  probable,  however,  that  the 
depth  of  the  sea  was  at  any  time  as  much  as  this,  being  more  likely 
closer  to  half  a  mile. 

During  the  early  part  of  Monterey  time  conditions  were  variable, 
calcareous  and  siliceous  deposits  alternating,  probably  as  a  result  of 
alternating  temporary  predominance  in  the  sea  of  organisms  with 
calcareous,  or  siliceous  shells.  As  the  period  progressed  the  siliceous 
organisms  became  more  predominant  and  remained  so,  making  up  a 
large  fraction  of  the  total  bulk  of  the  Monterey  formation.  It  was 
an  age  of  diatoms.  These  small  marine  plants  lived  in  extreme 
abundance  in  the  sea  and  fell  in  showers  with  their  siliceous  tests 
to  add  to  the  accumulating  ooze  of  the  ocean  bottom,  just  as  they  are 
forming  ooze  at  the  present  day  in  some  oceanic  waters.  It  is  well 
known  that  diatoms  multiply  with  extreme  rapidity.  It  has  been 
calculated  that  starting  with  a  single  individual  the  offspring  may 
number  1,000,000  within  a  month.  One  can  conceive  that  under 
very  favorable  life  conditions,  such  as  must  have  existed,  the  diatom 
frustules  may  have  accumulated  rapidly  at  the  sea  bottom  and  aided 
the  fine  siliceous  and  argillaceous  sediments  in  the  quick  building 
up  of  the  thick  deposits  of  middle  Miocene  time.  A  principal  obstacle 
to  the  rapid  accumulation  of  the  diatoms  might  be  the  limited  supply 
of  silica  from  which  these  algas  derive  the  material  of  their  tests. 
Other  organisms  with  their  shells  and  skeletons  were  also  present 
to  aid  in  building  up  the  shale  beds.  They  were  Radiolaria  and 
Foraminifera;  sponges  with  their  spicules,  which  were  abundant; 
Crustacea;  fishes,  the  remains  of  which  are  numerous  in  the  shales; 
and  mollusks  with  delicate  shells,  which  are  common,  though  poorly 
preserved. 

Volcanic  eruptions,  possibly  submarine,  broke  out  at  different 
times  during  the  latter  part  of  the  lower  Miocene  (Vaqueros)  and 
the  early  part  of  the  middle  Miocene  (Monterey.)  They  may  have 
accompanied   movements    that   took   place   during   the    transition 
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period.  Acidic  volcanic  ash  of  a  rhyolitic  type  was  ejected,  and  it 
settled  in  the  ocean  to  form  regular  beds  of  considerable  thickness 
and  extent  interstratified  with  the  other  sediments.  The  occur- 
rence of  ash  interbedded  with  diatomaceous  earth  that  probably 
belongs  fairly  high  in  the  Monterey  formation  indicates  that  these 
eruptions  did  not  cease  in  the  early  part  of  middle  Miocene  time. 
Neither  the  centers  of  eruptions  nor  any  lava  equivalents  of  the  ash 
have  been  found  in  the  field.  Similar  eruptions  were  characteristic 
of  the  lower  and  middle  Miocene  for  long  distances  north  and  south 
of  this  region. 

LATE    TERTIARY  AND  EARLY  QUATERNARY  PERIOD. 

The  Monterey  period  of  deposition  was  brought  to  a  close  by 
orogenic  movements  which  folded  the  shales  and  lifted  them  above 
the  sea  in  many  places.  In  some  regions  the  folding  was  intense, 
the  greatest  disturbances  accompanying  the  uplift  of  the  mountain 
ranges  to  an  altitude  of  thousands  of  feet.  The  San  Rafael  Moun- 
tains, which  were  upheaved  at  this  time,  probably  extended  along 
the  lines  of  former  mountains,  and  some  smaller  mountainous  or 
hilly  areas  likewise,  such  as  the  Casmalia  Hills  and  perhaps  portions 
of  the  Santa  Ynez  Range,  followed  former  zones  of  uplift.  But  for 
the  most  part  the  Santa  Ynez  Range  was  probably  new.  It  is 
doubtful  whether  it  was  ever  completely  covered  by  Monterey  sedi- 
ments, and  its  structure  may  have  .been  determined  by  minor  folding 
previous  to  the  beginning  of  the  Monterey,  but  it  is  probable  that 
this  range  did  not  have  any  approach  to  its  present  proportions  until 
after  middle  Miocene  time.  In  other  regions  low,  broad  folds  were 
formed  during  the  post-Monterey  disturbance  and  the  strata  were 
not  upheaved  to  a  great  altitude;  such  was  the  case  in  parts  of  the 
basin  region  between  the  San  Rafael  and  Santa  Ynez  mountains. 

After  the  formation  of  the  middle  Miocene  shales  they  were 
intruded  at  several  different  points  by  basic  igneous  masses,  mostly 
of  the  nature  of  diabase.  The  distiu'bance  which  put  an  end  to  the 
period  was  profound  and  this  igneous  activity  was  probably  an 
accompaniment  of  it.  The  rocks  were  locally  hardened  by  contact 
action  in  consequence  of  the  intrusions. 

After  an  erosion  interval,  probably  of  comparatively  short  dura- 
tion, the  land  again  sank,  though  not  so  extensively  nor  to  such 
depth  as  in  the  previous  subsidence,  and  a  large  part  of  the  Santa 
Maria  district,  especially  the  lower  regions,  became  submerged. 
The  deposition  of  the  Fernando  followed,  beginning  before  the  close 
of  the  Miocene.  Owing  to  differences  in  altitude  and  possibly  also 
to  local  difference  in  the  amount  of  subsidence,  the  deposition  began 
in  some  places  before  it  did  in  others.  Over  the  areas  in  which  the 
Monterey  has  been  only  slightly  folded,  the  Fernando  beds  assumed 
conformable  positions  with  it.    In  regions  where  the  Moiitoc^^  \k^^^ 
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had  boon  more  highly  tilted  the  later  sediments  were  laid  down 
unrouforniably.  In  places  the  first  Fernando  beds  were  of  similar 
HtluUogic  character  to  the  Monterey  shale,  being  deposited  probably 
under  similar  conditions  or  else  derived  from  the  redeposition  of  the 
sl\ale  niatt^rial.  This  similarity,  added  to  the  bedding  conformity, 
caused  the  formations  to  appear  as  completely  conformable  and  con- 
tiniunis.  But  the  presence  in  places  of  layers  of  brecciated  Monterey 
sliale  at  the  base  of  the  Fernando,  and  in  places  of  true  angular 
unconformities,  pn^ves  that  a  period  of  erosion  preceded  the  Fer- 
nando de|H>sition. 

Aft^T  the  |H>riod  of  deposition  of  the  finer  sediments  usually  foimd 
at  the  base  of  tlie  Fernando,  shallow-wat^r  conditions  prevailed. 
The  de|HV!Uts  wert^  almost  entirely  detritaL  the  product  of  erosion  on 
land»  much  of  the  material  coming  fn>m  areas  of  Monterey  shale. 
Krt^\-\vater  or  |Hvs^^bly  brackisli- water  conditions  may  have  pre- 
YaiUnl  in  the  latter  |^rt  of  Fernando  time.  They  certainly  did  for  a 
time  and  UH*ally,  at  least,  when  the  brackish-wat^r  limestone  beds 
\ver\>  fixruunL 

MAIN    QUATERNARY    PERIOD. 

IXnvuwaril  and  upwanl  movements  of  the  coastal  region  were 
jxrv^hablv  in  prv^^rtv^s  during  the  Fernando  period,  but  were  intensi- 
tUnl  t-^arlv  in  PleistiH^nxe  tin\e»  and  disturbance  of  the  strata  along  the 
lines  iutluouiHHl  bv  the  |Hvst-Monten\v  upheaval  took  place.  In  this 
way  the  nunmtain  t>ii\^\s  \Yert>  upraistnl  in  their  present  position  and 
the  FenxatuU*  Uvaiue  \var|HHl  aU^u^  the  lint^  of  further  folding  in  the 
Montetw . 

After  this  ttpUft  ervvuou  s^>t  it\  and  eventually  removed  the  Fer- 
uauvK^  tVnu  sx\uue  jvarts  of  the  iv$:iou  over  which  ii  ioA  formed  a 
thick  \\*\xnu\^.  The  u\out\taiu  iv^ivnis  wer^  wvmh  into  rugged  shapes, 
S^uta  Maria  atwl  Sat\ta  Yuoii  rivers  develojvd  graded  valleys,  and 
the  s^^  pUtunl  ott  the  vn^st  e\tet\sivelv  bv  outtin^>  During  the  same 
iviivnl,  however,  Uuvl  buiUUiv^  over  this  rv^oa  was  iu  pru^ress  as  the 
iwsuU  of  ditVotvutial  uu^veu\outs  v^t'  the  vwis^;.  The  streal  resultant 
chau^^^vx  of  U^vel  iu  |Kv^t  Keruaudv^  uiuo.  as  iudivated  by  the  records, 
wetv  a  |vivtt\  ^ouoval  vIo^viawv^vux  tvv  ^^  vW^^th  ot  l.KK>  to  1:200 feet^  and 
KvaHN  tv^  at  U^a>il  l.UK^  tWi;  v^ud  a  U^ter  upiitt  to  tlie  present 
le\el  Huviv  uu^WHuouts  \\%w  ^uvl\^M\  i^t^vtUdkL  aiud  conlmuous, 
but  uoi  >iuth\uvull>  xUv\\  isv  j^lk^w  the  tVrutv^uou  of  deports  of  great 
thukiuvv^  l^uuv^  Uuwo  vkK^NciuoiUx  ihc  s».'a  cue  m:o  the  Land  as  the 
waloA  eucuv^oh\sl  auvl  iashsUsI  loiiuui^  lorrnvx'^  tticLiiied  toward  the 
<KH^u.  i^wvl  U^oh  i4uU  xhi^Uow  wt^uu  M.\{unouis>%ere  'aid  viown  as  thin 

abh  UuuusI  44>*Uk^  li4UNl  vvv>o  lV:rtu^  ilv  ivi  *vos  or  oepwissioai  the 
siMX'iiut^i  bukU  V4^  vU^^K^^u^  s^i  xi^HwI  MiiK^  ituvi  cia^  d^r  ditifeceat  levels 
^^\u^  V44«v^  Vo  vv\u>Av>u\v  vsvAi«4i\s\x  J4Usl  lo  uIL<\i  \alic\s.     Vit^^i  dmoBits 
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of  wind-blown  sand  were  formed  also,  and  their  formation  is  c(m- 
tinuing  at  present.  During  the  late  Quaternary  the  deposits  and 
topographic  forms  resulting  from  all  these  processes  have  been  carved 
by  erosion;  wide  areas  have  been  denuded  of  the  thin  Pleistocene 
capping;  and  in  many  places  bits  of  terrace  deposits  are  left  merely 
as  scattering  remnants. 

STRUCTURE  AND   CONDITIONS  AFFECTING   THE  PRES- 
ENCE OF  Oil.. 

THE  ANTICLINAL  THEORY. 

The  anticlinal  theory  of  oil  accumulation  assumes  that  the  oil, 
being  of  lesser  gravity,  rises  above  the  water  present  in  porous 
rocks  and  collects  at  the  highest  possible  points  in  upward  folds, 
being  there  confined  by  impervious  strata  arching  over  the  folds. 
The  presence  of  water,  according  to  this  theory,  is  considered  as 
fundamentally  necessary  for  the  carrying  out  of  the  process  of 
accumulation  in  anticlines. 

The  presence  of  oil  in  anticlinal  folds  was  repeatedly  observed  in 
the  eastern  part  of  North  America  during  the  latter  half  of  the 
nineteenth  century.  E.  B.  Andrews  noted  its  occurrence  along  low 
anticlines  in  West  Virginia  and  Ohio  as  early  as  1861,  and  described 
this  occurrence  that  same  year,"  and  again,  with  more  assurance  of 
its  wide  application,  in  1866.^ 

In  1863  the  Canadian  geologists,*^  in  describing  the  oil  springs 
immediately  north  of  Lake  Erie,  noted  their  close  relation  to  the 
anticlinal  structure,  and  formulated  the  theory  that  the  rise  of  the 
oil  is  due  to  the  presence  of  water  in  the  rocks.  Their  brief  state- 
ment is  as  follows: 

Some  of  these  springs  appear  to  be  on  the  line  of  the  great  anticlinal  which  runs 
through  the  western  peninsula,  and  subordinate  undulations  of  a  similar  character 
will  be  found  connected  with  others.  The  oil,  being  lighter  than  water  and  per- 
meating with  it  the  strata,  naturally  runs  to  the  highest  part,  which  is  the  crown  of 
the  anticlinal,  whence  it  escapes  to  the  surface  by  some  of  those  breaks  which  are 
usually  found  in  such  positions. 

Also  in  1863  Sterry  Hunt,  to  whom  the  above-cited  conclusions  in 
the  Canadian  report  are  probably  due,  described  the  oil  of  western 
Ontario  as  derived  from  low  anticlines.*^ 

The  following  quotation  is  from  an  account  written  in  1885  by 
I.  C.  White*  of  his  search  for  some  method  of  determining  the  loca- 
tion of  gas  accumulations: 

In  the  prosecution  of  this  work  I  was  aided  by  a  suggestion  from  Mr.  William  A. 
Earsenian,  of  Allegheny,  Pa.,  an  oil  operator  of  many  years'  experience,  who  had 

£ . 

«  Am.  Jour.  ScL,  2d  ser.,  vol.  32,  July,  1861,  pp.  85-93. 
*  Am.  Jour.  Sci.,  2d  ser.,  vol.  42,  July  1866,  pp.  33-37. 
c  Geology  of  Canada,  Canadian  Geol.  Survey,  1863,  p.  379. 
'Am.  Jour.  Sci..  2d  ser.,  vol.  35,  March.  1863.  pp.  160-170. 
«  Sdeiice,  vol.  5,  No.  125.  June  26, 1885. 
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noticed  that  the  principal  gas  wells  then  known  in  western  Pennsylvania  were  sit- 
uated close  to  where  anticlinal  axes  were  drawn  on  the  geological  maps.  From  this 
he  inferred  there  must  be  some  connection  between  the  gas  wells  and  the  anticlines. 
After  visiting  all  the  great  gas  wells  that  had  been  struck  in  western  Pennsylvania 
and  West  Virginia,  and  carefully  examining  the  geological  surroundings  of  each,  I 
found  that  every  one  of  them  was  situated  either  directly  on  or  near  the  crown  of  an 
anticlinal  axis,  while  wells  that  had  been  bored  in  the  syncline  on  either  side  furnished 
little  or  no  gas,  but  in  many  cases  large  quantities  of  salt  water.  Further  observation 
showed  that  the  gas  wells  were  confined  to  a  narrow  belt,  only  one-fourth  to  1  mile 
wide,  along  the  crests  of  the  anticlinal  folds.  These  facts  seemed  to  connect  gas  terri- 
tory unmistakably  with  the  disturbance  in  the  rocks  caused  by  their  upheaval  into 
arches,  but  the  crucial  test  was  yet  to  be  made  in  the  actual  location  of  good  gas  ter- 
ritory on  this  theory.  During  the  last  two  years  I  have  submitted  it  to  all  manner  of 
tests,  both  in  locating  and  condemning  gas  territory,  and  the  general  result  has  been 
to  confirm  the  anticlinal  theory  beyond  a  reasonable  doubt. 

The  anticlinal  theory  was  found  applicable,  according  to  Red- 
wood,**  by  various  investigators  in  the  Eastern  Hemisphere,  in  the 
Caucasian  and  Carpathian  fields,  in  India,  Persia,  and  Algiers,  and 
as  stated  by  Lyman,  ^  in  some  at  least  of  the  wells  in  Japan.  Fur- 
ther credence  has  been  lent  to  it  by  investigators  in  various  parts  of 
the  world  in  subsequent  reports  on  oil  districts.  It  has,  however,  not 
been  proved  to  be  of  universal  application. 

ACCUMULATION  OF  OIL  IN  THE  SANTA  MARIA  DISTRICT. 

In  the  Santa  Maria  and  Lompoc  fields  the  evidence  indicates  that 
anticlinal  structure  is  favorable  although  probably  not  absolutely 
essential  to  the  accumulation  of  oil.  But  whether  or  not  this  fact 
is  explainable  on  the  basis  of  the  anticlinal  theory  as  previously 
advanced,  and  as  seemingly  applicable  to  eastern  fields,  remains  a 
question,  for  the  reason  that  definite  evidence  is  lacking  regarding 
the  presence  or  absence  of  water  in  the  strata  containing  the  oil. 
The  fields  of  the  Santa  Maria  district  are  not  yet  old  enough  to  make 
it  ascertainable  whether  water  occupies  lower  levels  in  the  same  por- 
ous strata  in  which  the  oil  is  contained,  or  strata  below  those  contain- 
ing the  oil,  and  whether  water  will  take  the  place  of  the  oil  on  its 
exhaustion  in  the  wells;  or,  on  the  other  hand,  whether  the  oil 
occurs  unassociated  with  water  in  large  amounts.  What  evidence 
there  is  throws  doubt  on  the  assumption  that  water  is  present  in 
sufficient  amounts  materially  to  affect  the  position  of  the  oil  in  the 
strata.  Although  over  a  hundred  wells  have  been  sunk  to  depths 
ranging  between  1,500  and  considerably  more  than  4,000  feet  in 
various  positions  relative  to  the  axes  of  folds,  water  has  been  reported 
in  only  four  wells  at  a  depth  of  more  than  1,000  feet  below  the  surface, 
or  below  sea  level,  and  in  only  a  few  wells  below  300  or  400  feet. 
In  other  words,  whatever  water  is  present  occurs  in  all  but  four  wells 

a  Redwood,  Boverton,  assisted  by  IloUoway,  G.  T. :  Petroleum  and  its  products,  London,  1st  ed.,  1896, 
vol.  1.  pp.  44-4e:  also  2d  ed.,  190t),  vol.  1.  p.  112. 
h  Geological  survey  of  the  oil  lands  of  Japan,  Tokio,  1877  and  1878. 
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near  the  surface,  or  at  least  considerably  above  the  oil-producing 
zones. 

It  may  be  questioned  whether  the  presence  of  water  is  essential  for 
the  accumulation  of  petroleum  in  the  upward  folds  of  the  strata  under 
the  conditions  presented  by  the  Santa  Maria  and  Lompoc  fields. 
Here  the  oil  tends  to  rise  to  the  surface  and  form  seepages  wherever 
channels  of  escape  are  offered.  This  is  probably  not  due  to  hydro- 
static pressure,  as  there  is  no  evidence  that  the  water  tended  to 
rise  in  the  same  way;  and  it  is  just  the  opposite  of  the  tendency 
ascribed  to  oil  by  upholders  of  the  anticlinal  theory,  which  would 
result  in  the  oil  descending  and  gathering  in  the  synclinal  troughs  on 
subsidence  or  removal  of  the  water.  In  the  fields  under  discussion 
the  oil  is  always  intimately  associated  with  gas.  There  do  not  seem 
to  be,  as  a  rule,  separated  stores  of  gas  and  oil,  but  the  two  are  inter- 
mingled, or  at  least  closely  brought  together,  so  that  one  is  not  usu- 
ally found  without  the  other,  although  gas  is  sometimes  found  alone. 
The  oil  exhibits  a  tendency  to  migrate,  as  shown  by  its  original  con- 
centration from  widely  separated  points  of  origin,  by  its  surface  seep- 
age, and  by  the  energetic  way  in  which  it  rises  in  the  drill  holes  when 
a  source  of  it  is  tapped.  This  migratory  faculty  may  be  ascribed 
entirely  to  the  presence  of  the  associated  gas,  which  would  cause  the 
oil  to  fill  every  crevice  offering  a  point  of  escape  or  a  point  of  lodgment. 
If  this  is  granted,  it  is  evident  that  the  points  of  accumulation  of  oil 
will  be  determined  chiefly  by  the  presence  of  cavities,  large  or  small, 
offering  a  place  for  it  to  gather.  Anticlines,  being  points  of  fractur- 
ing and  in  some  places  opening  out  of  the  strata,  would  afford  likely 
places  for  the  oil  to  lodge  in  those  beds  subject  to  fracture  and  for  it 
to  be  imprisoned  by  overarching  impervious  beds. 

Aside  from  ideas  as  to  accumulation  of  oil  after  such  a  fashion,  the 
writers  have  come  to  the  conclusion  that  in  this  region  many  of  the 
"oil  sands,*'  so  called,  are  not  true  sands,  but  zones  of  fractured  shale 
or  flint  offering  interspaces  in  which  the  oil  can  gather.  Beds  of  sand 
in  the  Monterey  are  scarce  and  thin.  Some  of  the  oil-producing  zones 
are  very  thick,  amounting  to  tens  or  even  hundreds  of  feet.  The  oil 
occurs  chiefly  in  the  lower  portion  of  the  formation,  where  brittle,  flinty 
shale  is  abundant;  and  as  it  is  a  noticeable  fact  that  wherever  these 
hard,  flinty  layers  appear  at  the  surface  they  are  usually  much  more 
contorted  and  fractured  than  the  associated  softer  shales,  which  are, 
in  general,  only  folded  and  not  broken,  it  seems  likely  that  the  same 
fracturing  and  resultant  formation  of  an  ideal  reservoir  for  the  oil 
takes  place  in  the  depths  as  at  the  surface.  Where  it  is  so  fractured, 
the  shale  occupies  a  greater  volume  than  before,  showing  spaces  some 
of  which  are  open  and  others  partially  or  wholly  filled  with  chalcedonic 
or  bituminous  material.  The  unfractured  beds  are  more  or  less  imper- 
vious to  the  rapid  migration  of  the  petroleum,  and  so  act  as  barriers 
to  keep  the  oil  in  the  porous  sone^* 
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It  is  therefore  possible  that  in  the  Santa  Maria  district  the  gas  pres- 
sure is  the  chief  agent  in  giving  the  oil  mobility,  and  that  the  condition 
of  the  rocks  is  the  chief  factor  that  controls  the  matter  of  where  the  oil 
is  stored  most  abimdantly.  Hydrostatic  pressm'e  may  not  play  an 
important  part.  The  especially  large  accumulations  in  anticUnes 
may  be  accounted  for  primarily  by  the  cavities  offered  by  the  strata 
along  upward  folds,  and  secondarily  by  the  presence  of  less  pervious 
beds  arching  over  such  folds  and  affording  favorable  conditions  for  the 
confinement  of  oil  and  gas  tending  to  escape.  Lesser  stores  of  oil  may 
occur  at  other  points  within  the  formation. 

INDICATIONS  OF  OIL. 

The  chief  criteria  for  judging  as  to  the  presence  or  absence  of  oil  in 
appreciable  quantities  in  this  region  have- been  the  attitude  of  the  beds, 
their  position  in  the  series,  and  the  surface  indications.  Other  minor 
evidences  of  a  local  nature  have  also  been  taken  into  account.  In 
drawing  conclusions  from  structural  indications  anticlines  have  been 
considered  as  the  chief  factors  favoring  accumulation,  inasmuch  as  the 
oil  appearg  to  have  gathered  in  them  in  a  majority  of  the  proved  occur- 
rences in  this  district,  other  conditions  being  favorable.  The  conclu- 
sion has  been  reached  that  anticlines  afford  a  fairly  trustworthy  clew 
to  the  location  of  the  most  important  oil  deposits.  Close  folding 
appears  to  play  a  part  in  this  district  in  depriving  the  rocks  of  their 
oil,  and  excessive  disturbance  and  fracturing  is  unfavorable  to  its 
retention.  But,  on  the  other  hand,  moderate  folding  would  appear 
to  be  favorable,  if  not  requisite,  for  the  accumulation  of  stores  of  oil, 
and  probably  the  most  favorable  conditions  are  afforded  by  anticlinal 
folds  of  such  sharpness  as  to  render  the  brittle  rocks  porous  by  frac- 
turing, but  to  leave  less  pervious  arches  of  more  elastic  rock. 

The  second  criterion  is  the  statigraphic  position  in  the  formation  of 
the  beds  exposed  over  the  area  in  which  oil  is  sought.  As  has  been 
before  stated,  the  oil-bearing  strata  occur  chiefly  in  the  lower  portion 
of  the  Monterey.  Where  the  outcropping  beds  belong  to  the  higher 
portion  of  the  formation  there  is  a  greater  likelihood  that  the  under- 
lying oil-bearing  strata  have  been  able  to  retain  their  contents  than 
where  the  lower  strata  have  been  denuded  of  the  greater  part  of  the 
overlying  beds  or  where  they  are  themselves  exposed  or  partially 
removed. 

As  regards  the  third  criterion,  the  chief  surface  indications  are 
afforded  by  the  presence  of  seepages  of  oil  or  tarry  material  from  the 
shales,  by  asphalt  deposits,  bituminous  shales,  and  burnt  shale. 
Asphalt  occurs  mainly  in  three  ways — as  a  mixture  of  bituminous 
material  with  sand,  due  to  the  absorption  by  overlying  sand  deposits 
of  seepages  from  the  shale,  as  hardened  fillings  of  asphalt  in  cavities 
along  joints,  and  as  excessively  saturated  shale.     The  burnt  shale  is 
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the  rose-colored  or  slaglike  rock  observed  at  many  places  in  this  and 
other  oil-bearing  regions  within  the  Monterey  formation.  It  is  fully 
discussed  on  pages  48-52.  It  is  the  result  of  the  burning  of  the  hydro- 
carbons that  have  impregnated  the  shale,  and  its  presence  therefore 
indicates  where  seepages  have  existed. 

GENERAL  STRUCTURAL  CONSIDERATIONS. 

The  area  comprised  within  the  limits  of  the  Lompoc  and  Guadalupe 
quadrangles  has  been  subjected  to  two  systems  of  forces  acting 
obliquely  to  each  other,  the  one  producing  structural  features  which 
trend  northwest  and  southeast,  the  other  those  which  trend  east  and 
west.  (See  PI.  VII.)  The  system  causing  the  northeast-southwest 
structure  was  probably  the  older  and  dominating  one,  as  it  brought 
forth  the  highest  ranges  and  most  extreme  folding  and  conformed 
with  the  great  system  which  has  determined  not  only  the  Coast 
Ranges  of  California  but  the  western  border  of  the  North  American 
continent.  The  forces  producing  the  east- west  features,  although 
exceedingly  effective  from  the  west  end  of  the  Santa  Ynez  Range  east- 
ward to  the  region  south  of  the  end  of  the  San  Joaquin  Valley,  were 
not  so  far-reaching  as  those  of  the  other  system  and  probably  began 
to  exert  themselves  at  a  later  date. 

That  portion  of  the  area  under  discussion  which  lies  to  the  north- 
east of  the  Santa  Maria  Valley  is  dominated  almost  completely  by 
structural  lines  trending  northwest  and  southeast;  in  the  extreme 
southern  portion  lines  trending  east  and  west  prevail.  The  region 
between  these  two  areas  is  occupied  by  folds  and  faults,  some  of  whose 
component  parts  exhibit  allegiance  to  one  system  and  some  to  the 
other,  but  whose  resultant  trend  is  intermediate  between  the  two. 
In  a  general  way  the  lines  of  disturbance  as  well  as  the  topographic 
relief  within  this  central  province  radiate  fanlike  from  the  point  of 
divergence  of  the  Santa  Ynez  and  San  Rafael  ranges  east  of  the  town 
of  Santa  Ynez. 

The  forces  acting  throughout  the  region  have  more  often  found 
equilibrium  in  the  production  of  folds  than  in  adjustment  by  faulting. 
Several  important  faults  are  recognizable,  however,  and  doubtless 
others  will  be  revealed  by  detailed  work,  especially  in  the  San  Rafael 
Range.  There  is  evidence  to  show  that  forces  have  acted  intermit- 
tently along  the  same  general  lines  throughout  a  long  period  of  time. 

DETAILED  DISCUSSION  OF  STRUCTURE. 

In  the  field  studv  of  the  structures  of  the  formations  and  in  the 
present  discussion  special  attention  has  been  paid  to  the  structure  of 
the  Monterey  shales,  because  that  formation  has  apparently  given 
origin  to  the  petroleum  and  in  it  the  bulk  of  the  oil  is  stored. 
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For  convenience  the  two  quadrangles  will  be  divided  into  the  three 
naturally  separated  portions  outlined  in  a  preceding  paragraph,  viz, 
the  region  of  the  San  Rafael  Range,  which  includes  all  of  the  territory 
northeast  of  the  Santa  Maria  Valley  and  a  line  extending  southeast 
of  its  head;  the  region  of  the  Santa  Ynez  Range;  and  the  province 
of  low  hills  and  shallow  valleys  intervening  between  the  two  moun- 
tain masses.  The  reading  of  the  following  paragraphs  describing  the 
structure  of  various  areas  should  be  accompanied  by  reference  to  the 
map.  (PI.  I,  in  pocket.)  For  the  sake  of  compactness  the  conclu- 
sions as  to  the  possibilities  of  productiveness  of  the  Monterey  shale 
have  been  stated,  together  with  the  description  of  its  main  structural 
features. 

It  must  be  remembered  that  in  regions  of  great  disturbance  such  as 
the  shales  have  undergone  in  some  parts  of  the  area  it  is  diflBcult  to 
represent  by  single  lines  the  complexity  of  the  structure.  Some  of 
the  lines,  therefore,  mark  zones  of  folding  rather  than  single  definitely 
continuous  folds.  The  dotted  lines  of  structure  are  purely  supposi- 
tional. 

REGION    OF   THE    SAN    RAFAEL   MOUNTAINS. 
AREAS  OF  ROCKS  OLDER  THAN  THE  KONTERET. 

Whatever  succession  of  beds  or  structural  conditions  may  once 
have  existed  in  the  Franciscan  formation  (Jurassic?)  in  this  district, 
they  have  been  largely  obliterated  by  the  successive  folding  and 
crushing  to  which  these  rocks  have  been  subjected  in  the  long  period 
of  time  since  their  first  uplift.  The  shales  and  sandstones  mapped  as 
pre-Monterey,  especially  where  the  beds  alternate,  have  preserved  the 
folds  well,  but  except  on  North  Fork  of  Labrea  Creek  and  along  Sis- 
quoc  River  no  effort  has  been  made  to  work  out  the  structure  of  this 
series. 

AREAS  OF  KONTERET  AND  LATER  FORMATIONS. 

FOLDS. 

Considered  as  a  whole  the  Monterey  has  been  throwTi  into  a  series 
of  anticlinal  and  synclinal  folds  striking  about  N.  50°  W.,  and  appar- 
ently plunging,  in  the  main,  toward  the  northwest.  Great  variation 
exists  in  the  relative  steepness  of  dip  along  these  folds,  but  it  is  evident 
that  the  compressive  forces  producing  them  were  of  nmch  greater 
strength  in  the  southeastern  part  of  the  area,  between  Bone  Mountain 
and  Roimd  Corral  Canyon  and  thence  southeastward  into  the  region 
of  Zaca  Peak.  Here  the  folds  become  so  compressed  and  in  places 
overturned  that  it  is  difficult  to  trace  them.  PI.  Ill,  B  (p.  34)  and 
VI,  B  (p.  46)  give  an  idea  of  the  closeness  of  the  folding.  In  contrast 
with  this  constricted  portion  is  the  broad  series  of  folds  which  extend 
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rather  imiformly  along  the  northeastern  border  of  the  area,  and  de- 
velop toward  the  southeast  into  the  syncline  crossing  Tunnel  Canyon 
and  Horse  Gulch  just  north  of  Sisquoc  River.  The  high,  broad  ridge 
between  Bone  Mountain  and  Manzanita  Mountain  is  composed  of 
Monterey  shale,  which  lies  approximately  flat,  and  toward  the  north- 
west becomes  one  arm  of  the  great  syncUne  which  extends  through 
Goodchild^s  ranch  on  Labrea  Creek  and  is  traceable  almost  to  Colson 
Fork  of  Tepusquet  Creek.  A  similar  syncline,  possibly  the  same, 
extends  froin  Colson  Fork  northwestward  across  Tepusquet  Creek  to 
the  margin  of  the  Lompoc  quadrangle.  The  northeastern  arm  of  this 
fold  forms  the  high  ridge  extending  along  the  southwestern  side  of 
Buckhom  Canyon. 

It  is  possible  that  the  pre-Monterey  rocks  north  of  Bee  Rock  Can- 
yon plunge  down  monoclinally  under  the  Vaqueros  in  a  fold  at  right 
angles  to  the  wide  anticlinal  fold  that  exposes  the  former.  Such  a 
plimge  would  be  apt  to  give  rise  to  the  northeast-southwest  ^ table 
between  Bone  Mountain  and  Manzanita  Mountain  that  interrupts  the 
structure  to  the  northwest  and  southeast,  and  this  table  may,  there- 
fore, represent  a  buckling  across  an  otherwise  continuous  structure. 

Southwest  of  Los  Coches  Mountain  one  or  more  folds  are  over- 
turned, but  the  northwestern  extensions  of  these  folds  have  not  been 
examined. 

The  region  southeast  of  Round  Corral  and  Asphaltum  creeks  is 
occupied  by  several  sharp  folds  which  strike  in  a  general  northwest- 
southeast  direction.  Overturning  is  not  uncommon  in  this  series  of 
folds,  one  notable  example  being  an  anticline  on  the  southern  flank 
of  Zaca  Peak.  West  of  Round  Corral  Creek  the  structure  lines  bow 
around  from  a  northwesterly  to  a  westerly  or  west-southwesterly 
direction,  the  folds  at  the  same  time  becoming  less  compressed  and 
the  conditions  for  the  retention  of  the  oil  in  the  basal  sands  of  the 
hard  shale  series  correspondingly  better. 

.    FAULTS. 

There  is  strong  evidence  of  a  fault  zone  passing  north  of  the  nar- 
row area  of  intrusive  rock  north  of  Zaca  Tjake.  and  thence  north- 
westward as  far  as  the  head  of  Rattlesnake  Canyon.  The  resultant 
downthrow  along  this  zone  of  displacement  is  on  the  southwest, 
probably  amounting  to  a  good  many  hundred  feet  toward  the  east 
edge  of  the  Lompoc  quadrangle.  Toward  the  northwest  this  fault 
apparently  dies  out  or  merges  into  a  syncline. 

Just  east  of  Los  Coches  Mountain  there  may  be  another  fault 
which  brings  up  the  uppermost  Vacjueros  on  the  north.  A  third 
fault  between  the  Pliocene  and  Monterey  may  extend  "from  a  point 
near  the  mouth  of  Round  Corral  Canyon  to  Labrea  Creek. 

1784— BuU.  322-07 6 
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Faults  also  occur  along  the  Franciscan-Fernando  contact  in  the 
region  northwest  and  southeast  of  Figueroa  Creek,  but  the  resultant 
throw  was  not  determined.  A  depositional  contact  is  clearly  exposed 
along  this  same  line  just  northwest  of  Alamo  Pintado  Creek. 

EVIDENCES    OF   PETROLEUM. 

Despite  the  great  development  of  folds  within  the  Monterey  area, 
only  here  and  there  do  seepages  of  asphaltic  material  occur.  It 
would  seem  that  the  fractures  produced  by  sharp  folding  would  give 
adequate  channels  for  the  escape  of  petroleum,  and  it  is  surprising 
to  find  so  few  seepages.  The  best  developed  of  these  is  on  Labrea 
Creek  at  and  near  its  junction  with  Rattlesnake  Canyon,  and  is 
typical  of  the  localities  noted  north  of  Sisquoc  River.  The  oil  seep- 
age is  associated  with  small  springs  of  strongly  saline  and  sulphurous 
water,  and  the  oil  has  exuded  along  the  bedding  planes  of  the  Mon- 
terey shales,  here  thrown  into  a  pronounced  anticline  which  has  been 
flexed  in  such  a  manner  as  to  open  out  the  laminae  of  the  shale  and 
thus  give  better  opportunity  for  the  passage  of  oil.  Two  wells  have  ' 
been  sunk  here,  but  they  are  shallow  and  offer  no  additional  data. 

The  following  is  a  brief  statement  of  the  asphalt  seepages  and  brea 
deposits  occurring  in  the  San  Rafael  Mountains: 

1.  Branch  of  upper  Tepusquet  Creek.  Slight  seepage  in  bed  of  creek  three-fourths 
of  a  mile  above  junction  with  main  stream.     At  anticlinal  axis.     Has  been  located. 

2.  On  (\)lson  Fork  of  Tepusquet  Creek.  Black  bituminous  streaks,  veinlets,  and 
pockets,  a^^sociated  with  calcareous  shales  which  are  considerably  folded  on  a  minor 
scale.     This  also  has  been  located. 

3.  Labrea  Creek,  at  and  near  junction  with  Rattlesnake  Canyon. 

4.  Sisquoc  dairy.  Seepage  and  a^sphaltic  sands  along  sharply  defined  anticline 
which  is  obscured  by  later  material.     Well  sunk  here,  but  no  record  available. 

5.  Sisquoc  River,  one-half  mile  below  Round  Corral  Canyon.  Slight  seepage  from 
steeply  inclined  Mtmterey  shale.     (Shown  in  PI.  Ill,  B,  p.  34.) 

(i.  Fugler  Point,  1  mile  north  of  Gar>^  Veins  of  asphaltum,  parallel  in  a  general 
way  to  the  bedding,  which  here  dips  25°  SW.,  intrude  the  fossiliferous  Fernando 
(lower  Pliocene  portion).  A  shaft  has  been  sunk  here  a  few  feet  for  the  removal  of 
the  ai^phaltum. 

7.  Alcatraz  mine,  3^  miles  eiii^t  of  Sisquoc  jx)st-office.  Vast  dep<^)sits  of  asphaltum, 
fn>m  a  few  feet  to  200  feet  or  more  in  thickness,  lie  unconformably  above  the  steeply 
dipping  Monterey  shalt^  over  large  areas  in  the  general  region  of  the  mine.  These 
deposits  have  ]>een  mined  on  a  large  scale  at  one  place,  but  at  present  the  plant  is 
idle.     The  mine  is  shown  in  PI.  VIII,  A. 

8.  Zaca  Canyon,  5  miles  southeast  of  Sisquoc  post-office.  Deposits  similar  to  those 
at  the  Alcatraz  mine  are  found  on  both  sidt^s  of  La  Zaca  Creek  where  it  debouches 
from  its  nam)w  mountain  canyon  into  the  l)n)ad  valley  carved  by  it  through  the 
hilly  count  r>'. 

9.  Sisquoc  Ridge,  IJ  miles  north  of  Siscjuoc  iK)stH)ffice.  A  small  but  significant 
area  similar  in  occurrence  to  the  two'  prectniing.  This  area  overlies  the  axis  of  an 
anticline  in  the  Mont  ere  v  shale. 
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CONCLUSIONS    REGARDING    FUTURE    DEVELOPMENT. 

On  account  of  the  greater  intensity  of  the  folding  and  the  lack  of 
the  thick,  more  or  less  unaltered  diatomaceous  deposits  which  are 
found  associated  \\4th  all  the  proved  productive  fields  in  this  dis- 
trict, the  indications  are  not  so  encouraging  for  good  wells  in  the 
territory  northeast  of  the  head  of  the  Santa  Maria  Valley  as  they  are 
in  certain  other  portions  of  the  Lompoc  and  Guadalupe  quadrangles. 
The  areas  in  the  region  of  the  San  Rafael  Mountains  which  offer  the 
most  inducements  for  testing  by  the  drill  are  as  follows : 

1.  North  and  northwest  of  Sisquoc  post-office,  along  the  anticlines 
shown  on  the  map  (PI.  I,  in  pocket).  There  are  one  or  two  local 
anticlines  not  shown,  which  might  also  be  prospected  wdth  good 
results.  The  hard  shales  exposed  in  this  region  are  probably  lower 
Monterey  and,  if  such,  do  not  offer  as  much  promise  of  great  accu- 
mulations of  oil  at  their  base  as  if  they  were  overlain  by  the  upper 
part  of  the  formation.  The  strata  in  the  region  above  the  head- 
waters of  Round  Corral  Canyon  and  Asphaltum  Creek  are  too  sharply 
folded  to  give  much  hope  of  the  retention  of  large  deposits  of  petro- 
leum. The  asphaltum  deposits  here  and  to  the  southeast  indicate 
that  the  Miocene  was  at  one  time  highly  i)etrolifcrous,  but  that  at 
least  a  considerable  portion  of  the  oil  has  escaped. 

2.  In  the  Monterey  area  bordering  the  head  of  the  Santa  Maria 
Valley  on  the  northeast,  both  west  and  east  of  Tepuscjuet  Creek, 
wherever  the  anticlines  are  not  so  sharply  folded  as  to  give  indica- 
tions of  probable  loss  of  their  ])etr()leuni  content  by  excessive  frac- 
turing. The  surface  evidence  of  petroleum  in  this  general  Monterey 
area  is  greatest  in  the  southeastern  or  more  sharply  folded  portion, 
but  for  obvious  reasons  it  seems  likely  that  the  chances  for  the 
accumulation  of  economically  important  deposits  of  petroleum  are 
greatest  in  the  less  compressed  area  northwest  of  Labrea  Creek. 

3.  The  region  about  Fugler  Point  and  thence  southward  and 
southeastward  toward  Sisquoc.  This  territory  is  doubtless  under- 
lain by  the  oil-bearing  beds,  but  at  what  depth  it  is  not  possible  to 
calculate  owing  to  the  fact  that  the  Monterey  and  Fernando  are  cov- 
ered by  later  sediments.  The  occurrence  of  asphaltum  at  Fugler 
Point  is  analogous  to  that  at  the  east  end  of  Graciosa  Ridge,  near 
which  very  productive  territory  has  been  developed.  The  local  dip 
at  the  point  (25°  SW.)  would  indicate  that  the  best  places  to  drill 
w^ould  be  east  of  the  asphaltum  deposit ;  but  the  uncertainty  whether 
this  dip  is  anything  more  than  a  local  tilting  of  the  Fernando  is  so 
great  that  conclusions  regarding  the  best  localities  for  exploitation 
in  this  inmaediate  vicinity  are  extremely  hazardous.  Southwest  of 
Fugler  Point,  however,  there  is  evidence  of  the  presence  of  a  low 
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anticline  which  should  yield  good  returns  if  penetrated  deep  enough. 
This  anticline  is  mentioned  further  in  connection  with  the  Canada 
del  Gato«  area  (pp.  88-89). 

REGION    OF    SANTA   YNEZ    MOUNTAINS. 
AREA  BOTTTH  OF  LOKFOO. 

South  of  the  Lompoc  Valley,  the  Monterey  dips  in  general  north- 
ward away  from  the  higher  portion  of  the  hills,  but  south  of  the 
towTi  of  Lompoc  is  an  area  of  much  disturbance,  and  many  folds 
have  been  developed  on  the  flank  of  what  may  be  thus  broadly  con- 
sidered as  a  monocline.  These  folds  have  been  compressed  in  dif- 
ferent directions  and  there  is  a  puzzling  diversity  of  dip  and  strike. 
There  are  so  many  local  folds  that  it  is  difiicult  to  connect  the  more 
important  axes,  but  the  general  lines  of  disturbance  are  continuous 
for  the  distance  mapped.  The  main  folds  south  of  Lompoc  are  an 
anticline  near  the  valley  and  a  syncline  north  of  the  Monterey- 
Vaqueros  contact,  wdth  a  minor  anticline  and  syncline  between. 
The  attitude  of  the  beds  is  extremely  variable,  the  dip  ranging  in 
general  between  15°  and  60°.  On  either  side  of  the  main  anticline 
between  Salsipuedes  and  San  Miguelito  creeks  the  hard  shales  dip 
away  at  an  angle  of  20°  to  40°.  West  of  San  Miguelito  Creek  the 
folds  swing  out  toward  the  valley  or  die  out  on  the  flank  of  the  mono- 
cline, which  thus  becomes  unbroken. 

The  greater  part  of  the  strata  in  the  hills  south  of  Lompoc  belong 
low  in  the  Monterey  formation,  although  higher  j)()rtions  remain  in 
the  synclinal  folds.  The  disturbance  has  been  considerable,  and 
erosion  has  removed  the  highest  parts  of  the  formation,  so  that  the 
chances  have  been  good  for  the  escape  of  any  oil  that  may  have 
been  present.  There  are  no  surface  indications  of  petroleum  and 
the  conclusion  is  that  no  great  (juantity  of  oil  would  be  found  on 
drilling. 

AREA  OF  SANTA  RITA  HILLS. 

East  of  Lompoc  the  lines  of  structure  cross  the  Santa  Ynez  Valley 
into  the  Santa  Rita  Hills.  These  hills  are  formed  of  a  single  main 
ridge  which  is  paralleled  on  the  south  side  by  an  important  anticline. 
The  dips  on  either  side  of  the  broad  summit  of  this  fold  range  from 
a  few  degrees  to  about  35°.  The  general  trend  of  the  fold  is  east  and 
west,  in  conformity  with  that  of  the  Santa  Ynez  Range,  but  it  is 
curved,  especially  at  the  east  end,  as  if  influenced  by  more  than  one 
set  of  forces.  Other  important  folds  occur  on  the  flanks  of  the  anti- 
cline, giving  origin  to  the  disturbed  zone  followed  by  Santa  Ynez 
River. 


a  Called  locally  ('at  Canyon. 
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The  conditions  along  this  anticline,  especially  through  the  eastern 
half  of  its  length,  favor  the  occurrence  of  some  oil  at  least,  as  the 
axis  exposes  beds  fairly  high  in  the  formation  and  the  folding  is 
gentle.  No  surface  indications  of  petroleum  were  found,  except  a 
patch  of  burnt  shale  south  of  the  road  about  1  mile  southwest  of  the 
highest  hill  (elevation  1,300  feet)  and  local  outcrops  of  bituminous 
black  flint  and  brown  shale  on  the  west  side  of  the  800-foot  hill  about 
half  a  mile  north  of  the  river  and  1 1  miles  west  of  the  east  edge  of  the 
Santa  Rosa  grant. 

KAIN  PORTION  OF  THE  SANTA  TNEZ  RANGE. 

The  Santa  Ynez  Range  is  composed  chiefly  of  Tejon  and  Vaqueros 
rocks  and  its  structure  is  therefore  nmch  less  important  in  connec- 
tion with  the  oil  deposits  than  that  of  the  areas  underlain  by  the 
Monterey  shale.  It  is  dominated  by  a  great  southward-dipping 
monocline  that  forms  a  high  ridge  along  the  coast,  north  of  which  the 
strata  are  gently  folded  along  curving  lines  that  reflect  two  different 
structural  trends.  The  folds  that  expose  the  Tejon- Vaqueros  and 
the  underlying  Franciscan  beneath  the  Monterey  toward  the  west 
end  of  the  range  are  in  places  abrupt  and  complex.  The  anticline 
of  the  Santa  Rita  Hills  has  the  appearance  of  crossing  the  Santa 
Ynez  Valley  and  continuing  in  a  large  fold  to  the  southeast. 

REGION  BETWEEN  THE  SAN  RAFAEL  AND  SANTA  YNEZ  MOUNTAINS. 

CASMALIA  HILLS  AND  SAN  ANTONIO  TERRACE. 

Two  dominant  structural  lines  control  the  region  of  the  Casmalia 
Hills  and  the  San  Antonio  terrace.  One  is  a  typical  fault  starting 
on  the  coast  south  of  Lions  Head  and  the  long  area  of  igneous  rocks 
and  running  southeastward.  About  2  miles  west  of  Casmalia  the 
line  is  continued  by  an  anticline,  which  is  probably  affected  by  faults 
at  least  as  far  as  Schumann  Canyon.  This  anticline  plunges  more 
and  more  toward  the  southeast  and  loses  its  character  as  a  fold,  giv- 
ing place  to  the  eastward-dipping  monocline  of  the  San  Antonio 
terrace. 

The  other  structure  line  is  one  of  varying  character,  represented 
on  the  map  as  the  Schumann  anticline.  Northeast  of  the  area  of 
igneous  rocks  that  meets  the  sea  at  Lions  Head  Miocene  strata 
form  a  great  monocline,  dipping  rather  steeply  to  the  northeast.  In 
the  high  region  of  Mount  Lospe  and  northeast  of  the  long  strike 
ridges  (shown  in  PI.  IX,  A,  B)  that  extend  southeastward  from  that 
peak,  this  monocline  flattens  out  into  a  structural  platform  of  very 
low  dip,  which  on  approaching  the  edge  of  the  steep  descent  to  the 
Santa  Maria  Valley  bends  over  and  drops  off  al)ruptly.  The  axis 
along  which  this  steepening  of  the  dip  occurs  is  in  a  way  equivalent 


82  SANTA    MARIA    OIL    DISTRICT,   CALIFORNIA. 

to  an  anticlinal  axis  and  is  the  line  mapped.  In  places  it  is  a  true 
anticline,  completed  by  beds  of  gentle  dip  that  form  a  broad  syn- 
dine  of  the  platform  on  its  southwest  side.  South  of  C'orralillos 
Creek  the  structure  curves  westward  and  the  Schumann  anticline  is 
sharply  defined  and  overturned.  It  is  seemingly  to  be  correlated 
with  a  large  anticline  exposed  in  the  Tejon-Vaqueros  rocks  on  the 
coast  north  of  Point  Sal.  South  of  Waldorf  this  anticline,  as  shown 
by  the  dotted  line  on  the  map,  is  not  certainly  continuous,  but  west 
and  south  of  Schumann  the  same  or  a  similar  fold  becomes  well 
developed  and  the  strata  dip  away  from  it  on  both  sides.  In  this 
portion  and  southeast  of  Schumann  Canyon  its  summit  is  broad, 
but  the  dips  become  very  steep  farther  out  on  its  northeastern 
flank.     It  plunges  to  the  southeast  and  finally  dies  out. 

Asphalt  and  other  surface  indications  of  oil,  such  as  burnt  shale 
and  bituminous  shale,  occur  at  many  places  in  the  Casmalia  Hills. 
The  shale  is  especially  bituminous  along  and  near  its  contact 
with  the  Fernando  on  the  northeastern  side  of  that  part  of  the  hills 
which  lies  north  of  Schumann,  and  it  has  been  burnt  in  a  number  of 
places  in  the  same  region.  Outcrops  of  burnt  shale  are  prominent 
on  the  hill  just  southeast  of  Schumann,  and  near  the  contact  at  the 
northern  base  of  this  hill  the  shale  is  extremelv  bituminous.  Wells 
put  down  in  the  region  about  Schumann  encounter  heavy  tar  at 
depths  below  2,000  feet,  but  no  paying  wells  have  been  struck.  It 
seems  likely,  however,  that  at  greater  depths,  possibly  3,000  feet  or 
so,  the  horizon  of  the  productive  flinty  beds  encountered  in  the 
Graciosa  Ridge  wells  will  be  penetrated  and  will  yield  lighter  oil  in 
paying  quantities. 

The  region  lying  north  of  Schumann  Canyon,  west  of  the  valley 
that  runs  southward  out  of  the  hills  and  opens  to  Schumann  Canyon 
1  mile  N.  45°  W.  of  the  Casmalia  depot,  and  west  of  the  road  that 
crosses  the  ridge  to  Waldorf  will  probably  not  yield  any  large  quan- 
tity of  petroleum,  because  the  strata  are  so  low  in  the  formation 
and  because  there  appear  to  be  no  sufficiently  well-developed  folds 
to  afford  good  points  of  accumulation.  Oil  might  be  found  in  small 
quantities  in  the  minor  folds  between  the  lower  portion  of  Schumann 
Canyon  and  the  fault.  The  shale  along  the  coast  here  is  very  bitu- 
minous. East  and  south  of  the  supposedly  unproductive  region 
outlined  above  the  plunging  structure  exposes  higher  portions  of  the 
Monterey  shale  and  the  conditions  warrant  the  conclusion  that  oil 
can  probably  be  obtained  in  the  neighborhood  of  the  major  anti- 
cline. Southeast  of  the  point  where  the  road  south  of  Waldorf 
crosses  the  ridge  the  territory  appears  promising,  especially  along 
the  anticline  and  on  its  east  side.  The  oil  which  is  supposed  to  rise 
on  the  steep  eastern  flank  of  the  fold  probably  does  not  reach  far 
under  the  broad  western  flank.     South  of  Schumann,  where  the  fold 
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becomes  more  nearly  normal,  both  flanks  will  probably  be  fomid 
productive  if  penetrated  deep  enough.  The  surface  structure  indi- 
cates that  the  oil  horizon  plunges  to  a  greater  and  greater  depth 
under  the  whole  region  southeast  ef  Casmalia  Creek.  The  anticline 
south  of  Antonio  is  well  defined  and  conditions  favor  the  presence 
of  oil  on  both  this  and  the  other  anticline  of  the  San  Antonio  terrace. 
The  main  anticline  on  the  coast  north  of  Point  Sal,  already  men- 
tioned, is  in  the  Vaqueros  and  is  doubtless  barren  of  oil.  North  of 
this  locality  the  Monterey  is  decidedly  bituminous,  but  no  special 
circumstances  point  to  the  existence  of  petroleum  in  large  quantity. 
It  is  quite  possible  that  the  region  north  of  Mussel  Rock,  the  next 
point  to  the  north,  would  prove  promising  if  the  surface  covering 
allowed  the  examination  of  the  underlying  formations  and  the  deter- 
mination of  anticlines.  The  structure  seems  to  cause  the  forma- 
tions to  plunge  toward  the  north  from  the  north  end  of  the  Casmalia 
Hills,  and  a  fairly  high  portion  of  the  Monterey  may  underlie  the 
region  at  the  mouth  of  the  Santa  Maria  Valley. 

BUBTOK  MESA. 

The  plateau  known  as  Burton  Mesa  is  a  region  of  numerous  low 
folds  in  the  Monterey.  Along  the  coast  the  flinty  shales  are  of  low 
dip,  but  folded  and  contorted  in  a  complex  way.  The  folds  indi- 
cated on  the  map  are  the  most  important  ones,  but  whether  or  not 
they  are  perfectly  continuous  units  across  the  mesa  can  not  be  defi- 
nitely ascertained  on  account  of  the  covering  of  sand  over  the  shale. 
The  mesa  appears  to  be  structurally  a  continuation  of  the  region 
near  Lompoc  as  much  as  it  is  of  the  Purisima  Hills,  although  topo- 
graphically it  is  a  continuation  of  the  latter.  In  the  neighborhood 
of  Pine  and  Santa  Lucia  canyons  there  is  a  thick  series  of  shales 
striking  far  to  the  north  of  west  and  directing  the  structural  lines 
across  the  Lompoc  Valley  as  if  to  join  those  in  that  region  that 
show  a  tendency  to  curve  northward.  West  of  Pine  Canyon  the 
strike  changes.  The  Pine  Canyon  anticline  shows  this  curving 
structure.  It  is  a  well-defined  fold  with  broad  summits  and  sup- 
ports on  its  flanks  a  considerable  thickness  of  shale.  The  dip  ranges 
from  10°  to  30°.  A  characteristic  appearance  of  the  shale  and  dip 
on  the  northeastern  flank  is  shown  in  PI.  IV,  B  (p.  36).  North  of 
this  fold  occur  a  number  of  minor  flexures  and  there  is  some  doubt 
as  to  the  continuity  of  the  anticline  mapped  at  the  head  of  Oak 
Canyon  with  the  well-defined  fold  near  the  coast  in  the  vicinity  of 
Canada  Tortuga.  A  well-marked  low  anticline  occurs  near  the  coast 
north  of  Lompoc  Landing  and  probably  continues  inland.  It  is 
probable  that  either  one  anticline  of  considerable  importance  or  sev- 
eral small  component  flexures  start  across  the  mesa  between  Tangair 
and  San  Antonio  Creek.     The  summit  of  all  these  anticlines  so  far 
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mentioned  on  Burton  Mesa  exposes  hard  shale  that  is  low  down  in 
the  Monterey,  and  it  is  probable  that  with  the  removal  of  all  of  the 
higher  portion  opportunity  has  been  offered  for  the  escape  of  the 
greater  part  of  the  oil  from  the  basal  beds. 

A  low  anticlinal  fold  occurs  in  the  northeast  comer  of  Burton  Mesa 
and  plunges  toward  the  southeast.  As  indicated  by  the  dotted  line 
on  the  map,  it  is  possibly  a  continuation  of  the  anticline  south  of 
Antonio  before  mentioned  and  another  on  the  east  edge  of  the'  mesa 
that  is  discussed  in  connection  with  the  Purisima  Hills.  The  evi- 
dence of  folds  in  this  northeastern  portion  of  the  mesa  is  scanty,  but 
it  is  probable  that  where  they  occur  accumulations  of  oil  are  present. 

The  brittle  calcareous  and  flinty  shale  of  the  lower  portion  of  the 
Monterey  that  is  exposed  along  the  coast  edge  of  Burton  Mesa  is  very 
bituminous.  The  petroleum  slowly  oozes  out  in  some  places  and 
collects  in  tarry  patches  over  the  shale.  Up  Oak  Canyon  the  shale  is 
bituminous,  pockets  of  tar  being  found  in  places  in  the  flint  on  the 
surface.  On  the  northern  border  of  the  mesa,  near  the  point  where 
the  road  to  Lompoc  comes  up  the  grade,  a  3-inch  bed  of  bituminous 
sand  was  found  traversing  the  shale  fairly  high  in  the  formation. 

PTTRISIIIA  HILLS. 
FOLDS. 

The  Purisima  Hills  are  formed  by  one  broad  anticline  which  has  its 
axis  on  the  south  side  of  the  summit  of  the  dominating  ridge.  Through 
the  major  portion  of  this  anticline's  course,  from  the  region  north  of 
the  Hill  wells  to  a  point  beyond  Redrock  Mountain,  the  beds  lie 
almost  horizontal  on  its  summit,  becoming  gradually  steeper  up  to 
an  angle  of  15°  or  20°,  or  locally  even  40°,  within  a  mile  or  two  from 
the  axis.  The  general  trend  of  this  fold  is  more  to  the  north  of  west 
than  that  of  the  Los  Alamos  or  Santa  Ynez  valleys,  but  portions  of 
it  have  a  more  westerly  course,  as  at  the  west  end,  where  it  also 
becomes  a  steeper  fold.  At  the  east  end  it  has  the  dominant 
northwest-southeast  trend  characteristic  of  this  part  of  the  hills  and 
likewise  becomes  steeper.  It  is  a  fold  plunging  from  either  end 
toward  the  region  at  the  head  of  Cebada  Canyon,  where  the  axis 
of  the  depression  in  the  anticline  occurs.  This  depression  appears 
like  a  broad  syncline  crossing  the  anticline  at  right  angles,  with  the 
deepest  portion  of  its  trough  at  this  point. 

The  Purisnna  Hills  anticline  can  not  be  traced  farther  westward 
than  is  shown  on  the  map,  ])ut  at  the  west  end  there  seems  to  occur  a 
structural  offset  to  the  northwest,  a  poorly  exposed  anticline  about 
a  mile  from  the  end  of  the  main  fold  being  traceable  for  a  short  dis- 
tance and  seeming  to  mark  the  continuation  of  the  general  structure 
of  these  hills.  There  is  a  likelihood  that  oil  may  be  found  along  this 
fold  as  well  as  along  the  main  anticline. 
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FAULTS    AND    ASPHALT    DEPOSITS. 


A  thrust  fault  is  well  exposed  in  two  forks  of  Cebada  Canyon,  where 
the  Monterey  has  been  thrust  to  the  southwest  up  over  the  Fernando. 
The  dip  of  the  fault  plane  is  toward  the  northeast  at  an  angle  of  about 
30*^.  The  movement  has  amounted  to  a  few  hundred  feet.  The 
fault  zone  seems  to  continue  for  a  considera])le  distance  toward  the 
northwest  and  to  be  marked  near  the  Wise  &  Denigan  oil  well  No.  8 
by  large  asphalt  deposits  occupying  fractures  in  the  Fernando  that 
dip  at  an  angle  corresponding  to  that  of  tlie  fault  plane.  The  asphalt 
back  of  the  Wise  &  Denigan  well  No.  1  is  probably  due  to  oil  that 
has  seeped  through  the  same  fractured  zone  and  collected  in  the 
sandy  capping. 

The  structure  of  these  hills  is  further  complicated  by  a  prominent 
overturned  anticline  in  the  Monterey  along  the  contact  with  the 
Fernando  southwest  of  Los  Alamos  and  by  what  appears  to  be  a  fault 
exposed  near  the  mouth  of  Canada  Laguna  Seca.  In  this  fault  the 
Fernando  limestone  and  sand  are  thrown  down  several  hundred 
feet  on  the  north,  at  the  edge  of  the  Los  Alamos  Valley. 

In  addition  to  the  deposits  above  noted,  asphalt  occurs  in  great 
abundance  south  and  east  of  Redrock  Mountain,  surrounded  by 
a  large  area  of  very  bituminous  shale  and  burnt  shale.  Undoubtedly 
an  immense  amoimt  of  petroleum  has  escaped  here,  but  it  is  not 
probable  that  the  supply  is  exhausted.  On  the  contrary,  the  pres- 
ence of  this  petroliferous  material  on  the  surface,  coupled  with  the 
favorable  structural  conditions,  points  strongly  to  the  existence  of 
rich  oil  deposits  beneath. 

A  large  mass  of  asphalt  is  present  in  the  much-fractured  Monterey 
shale  west  of  La  Zaca  Creek,  and  very  bituminous  shale  approach- 
ing asphalt  in  character  occurs  on  the  creek  south  of  Zaca  station. 
The  shale  is  bituminous  throughout  the  zone  of  disturbance  traversed 
by  this  creek  south  of  Zaca.  On  accoimt  of  the  low  position  of  the 
strata  in  the  formation  and  the  severe  fracturing  and  folding  that 
have  taken  place,  it  seems  probable  that  the  conditions  have  been 
favorable  in  this  eastern  portion  of  the  Purisima  Hills  for  the  escape 
of  much  of  the  petroleum. 

Small  beds  of  bitmninous  sands  interbedded  with  soft  shale  occur 
in  the  upper  portion  of  the  Monterey  just  east  of  Canada  de  la  Puenta, 
about  three-fourths  of  a  mile  south  of  the  Los  Alamos  Valley;  also 
on  the  north  side  of  the  Purisima  Hills  ridge,  about  2  miles  south 
of  Harris.  A  small  patch  of  shale  that  is  saturated  with  bituminous 
material  is  exposed  in  the  canyon  followed  by  the  road  1  mile  south 
of  the  Los  Alamos  Oil  and  Development  Company  well  No.  1,  and 
the  shale  is  bituminous  in  the  neighborhood  of  the  Todos  Santos  well. 
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CONCLUSIONS    RECiAHl>INO    FUTURE    DEVELOPMENT. 

The  Purisima  Hills  anticlinal  fold  seems  to  offer  a  favorable  loca- 
tion for  oil  wells  along  most  of  its  south  flank.  Owing  to  the  plung- 
ing of  the  fold  toward  its  middle,  lower  and  lower  strata  are  reached 
as  its  extremities  are  approached.  In  the  region  mapped  as  Fer- 
nando, between  the  Hill  wells  and  the  head  of  Canada  Laguna  Seca, 
the  summit  beds  of  the  Monterey  are  overlain  by  later  sand  and  a 
well  would  have  to  be  drilled  to  a  great  depth  before  reaching  the 
oil  horizon.  East  and  west  of  that  region  the  oil  horizon  probably 
approaches  nearer  to  the  surface.  In  the  vicinity  of  Redrock  Moun- 
tain, especially  to  the  west  of  it,  the  conditions  seem  very  favorable 
for  the  occurrence  of  oil.  Farther  east,  near  La  Zaca  Creek,  a  much 
lower  portion  of  the  Monterey  is  exposed  and  the  rocks  have  been 
affected  by  considerable  disturbance,  so  that  it  is  less  likely  that  large 
accumulations  of  oil  will  be  found  there. 

AREA  AROUND  SANTA  TNEZ. 

The  Santa  Ynez  anticUne  is  a  distinct  steep  fold  exposed  southeast 
of  the  town  of  that  name.  It  supports  on  its  flanks  a  thickness  of 
at  least  2,500  feet  of  calcareous  and  porcelaneous  shales  belonging  to 
the  lower  portion  of  the  Monterey.  The  dips  at  the  axis  range 
between  50°  and  80°,  but  become  lower  toward  either  side.  This 
fold  is  seemingly  a  structural  continuation  of  that  of  the  Purisima 
Hills,  and  it  probably  extends  under  the  gravels  of  the  region  around 
Santa  Ynez,  its  axis  passing  approximately  under  that  town.  But 
it  is  doubtful  whether  it  is  actually  the  same  as  either  of  the  anti- 
chnes  that  are  shown  on  the  map  as  stopping  indefinitely  near  the 
east  end  of  the  Purisima  Hills.  The  terraced  stretch  between  La 
Zaca  Creek  and  Ballard  seems  from  the  fragmentary  evidence  obtain- 
able to  be  in  a  way  an  undulating  structural  plateau  formed  of  beds 
low  in  the  oil-bearing  shale,  dipping  at  slight  angles  in  various  direc- 
tions. It  is  probable  that  the  structure  of  the  Purisima  Hills  is 
here  interrupted,  but  continued  in  a  general  way  beyond  by  the 
Santa  Ynez  anticline.  Owing  to  the  low  position  of  the  beds  in  the 
formation,  the  chances  for  finding  a  considerable  amount  of  oil  along 
this  anticline  do  not  seem  to  be  as  good  as  farther  west.  No  sur- 
face evidence  of  petroleum  was  seen.  Any  definite  statements, 
however,  in  regard  to  the  region  between  Los  Olivos  and  Santa 
Ynez  River  and  between  La  Zaca  Creek  and  the  east  edge  of  the  area 
mapped  are  hazardous,  for  the  reason  that  the  widespread  terrace 
deposits  obscure  practically  all  of  the  structure. 
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SOLOMON  HILLS  AJSTD  AREA  NORTH  OF  LOS  OLIVOS. 
GENERAL  FEATURES. 

Three  anticlines  dominate  the  structure  of  the  Solomon  Hills. 
These  are,  in  order  from  west  to  east,  the  Mount  Solomon  anti- 
cline (first  worked  out  and  named  by  W.  W.  Orcutt),  the  Gato  Ridge 
anticline,  and  the  La  Zaca  Creek-Lisque  Creek  anticline.  In  addi- 
tion to  these  there  are  at  least  three  or  four  minor  anticlines  associ- 
ated with  the  first  named,  and  at  least  one  north  of  that  on  Gato 
Ridge. 

MOUNT    SOLOMON    AND    ASSOCIATED    ANTICLINES. 

Structure. — The  details  of  the  northwest  end  of  the  Mount  Solo- 
mon and  associated  anticlines  are  shown  on  tlie  contour  map  (PI.  X, 
p.  92).  Wliether  or  not  the  anticline  extending  through  the  Santa 
Maria  Oil  and  Gas  and  the  Escolle  properties  should  be  considered 
the  true  extension  of  the  Mount  Solomon  anticline,  or  whether  the 
Hartnell  anticline  should  be  so  considered,  is  impossible  to  decide 
with  the  data  at  present  available.  It  is  the  writers'  opinion  that 
the  Moimt  Solomon  and  Hartnell  anticUnes  are  the  result  of  the  same 
set  of  forces  and  should  therefore  be  considered  as  one  fold,  but  that 
the  evidence  offered  by  the  data  used  in  compiling  the  map  favored 
the  relations  shown  on  PI.  X.  The  mapping  of  the  Pinal,  Hobbs,  and 
Newlove  anticlines  is  based  almost  entirely  on  evidence  furnished 
by  the  drill,  althougli  certain  superficial  evidence  strengthens  the 
theory  of  their  presence. 

The  southeastern  portion  of  the  Mount  Solomon  anticline  gradu- 
ally fades  out  into  the  southern  flank  of  the  Gato  Ridge  anticline, 
losing  its  individuality  toward  the  southeast  end  of  the  Mount  Solo- 
mon ridge.  The  northeastern  flank  of  the  anticline  is  much  the 
steeper,  dipping  from  20°  to  38°  in  the  region  of  Mount  Solomon, 
and  gradually  flattening  out  from  that  locality  southeastward. 

The  Western  Union  anticline  is  a  well-developed  flexure  with 
steep  northern  flank  just  south  of  the  eastern  group  of  Western 
Union  wells,  but  its  identity  becomes  more  and  more  obscure  as  it 
fades  into  the  southwestern  flank  of  the  Gato  Ridge  anticline  in  a 
similar  manner  to  the  Mount  Solomon  anticline,  just  south  of  the 
latter's  southeast  end. 

The  relations  existing  between  the  Mount  Solomon  and  Schu- 
mann anticlines  are  vague,  although  it  is  certain  that  they  are  not 
in  alignment  and  therefore  can  not  possibly  be  one  continuous  feature. 
If  the  Hartnell  and  Mount  Solomon  anticlines  are  considered  as  one, 
the  relations  which  exist  between  this  united  anticline  and  the  Schu- 
mann anticline  are  exactly  analogous  to  those  which  exist  between 
the  Mount  Solomon  and  Gato  Ridge  and  the  Gato  Ridge  and  La 
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Zaca  Creek-Lisque  Creek  anticlines,  viz,  the  adjacent  anticlines  are 
en  echelon  with  each  other,  each  plunging  down  past  the  end  of  its 
neighbor.  Graciosa  and  Harris  canyons,  particularly  the  former, 
are  the  superficial  reflection  of  the  syncline  between  the  ends  of  the 
Mount  Solomon  and  Schumann  anticlines,  and  Solomon  Canyon  and 
Canada  de  los  Alisos  occupy  analogous  positions  between  the  Mount 
Solomon  and  Gato  Ridge  and  the  Gato  Ridge  and  La  Zaca  Creek- 
Lis(|ue  Creek  anticlines,  respectively. 

Asplialtum  deposits. — Practically  the  whole  top  of  Graciosa  Ridge 
is  capped  by  post-Monterey  sandstones  and  conglomerates,  which 
are  heavily  charged  with  asphaltum.  Asphaltum  also  occurs  as 
veins  penetrating  the  Monterey  and  post-Monterey  beds  at  the 
east  end  of  the  ridge,  and  a  fine  example  of  asphaltum  veins  and  vein- 
lets  filling  the  joint  cracks  in  the  Monterey  is  to  be  seen  beside  the 
road  leading  up  to  the  Santa  Maria  Oil  and  Gas  (Squires)  well  No.  4. 
This  occurrence  of  the  asphaltum  in  the  joint  cracks  of  the  shale 
gives  a  clew  to  the  probable  channels  through  which  the  oil  migrated 
from  the  depths  to  the  surface,  and  leads  to  the  general  conclusion 
that  joint  cracks  are  the  reservoirs  and  channels  of  migration  of  the 
oil  in  many  of  the  productive  strata  of  this  field. 

Conclusions  regarding  future  development. — It  is  obvious  from  a 
glance  at  the  contour  map  (PI.  X,  p.  92)  and  a  perusal  of  the  detailed 
description  of  the  developed  areas  that  practically  all  of  the  terri- 
tory covered  by  contour  lines  is  productive.  The  only  part  of  the 
region  about  which  the  compiler  of  the  map  has  any  misgivings  as  to 
productiveness  is  that  occupying  a  general  synclinal  position  south 
of  the  great  bend  in  the  Mount  Solomon  anticline.  These  misgivings 
are  partially  alleviated,  however,  by  the  idea  that  probably  the 
position  of  the  territory  in  question  on  the  flanks  of  Graciosa  Ridge, 
which  is,  broadly,  a  quaquaversal  fold  or  dome,  may  exert  enough 
control  on  the  oil  to  cause  its  collection  there  at  least  in  paying 
quantities,  if  not  in  the  remarkable  measure  found  in  other  parts  of 
this  field.  Tlie  region  adjacent  to  the  southeast  end  of  the  axis  of 
the  Mount  Solomon  anticline  ought  to  be  productive.  The  beds  on 
the  northeastern  flank  dip  more  steeply  than  those  on  the  south- 
western, and  the  first  productive  stratum  is  thought  to  be  at  a  lower 
horizon  in  the  sluile  on  the  former  flank  than  on  the  latter,  so  that  it 
is  probable  tluit  the  oil  zone  will  ho  struck  at  a  greater  depth  from 
the  surface  northeast  of  the  anticline  than  southwest  of  it. 

GATO    KIDGE    ANTICLINE. 

Structure. — The  Gato  Ridge  anticline  extends  from  the  top  of  the 
ridge  just  east  of  the  mouth  of  Solomon  Canyon  to  a  point  some- 
where near  the  middle  of  the  trianMe  formed  ])V  Canada  de  los 
Alisos,  Cuaslui  Creek,  and  Foxen  Canyon.     It  follows  very  closely 
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the  crest  of  the  ridge  between  Canada  del  Gate  and  Solomon  Canyon 
and  for  a  considerable  distance  to  the  east  is  coincident  with  the 
highest  topographic  features.  In  general,  the  anticline  plunges  from 
the  southeast  toward  the  northwest,  the  lowest  beds  along  its  axis 
being  exposed  in  the  region  of  Canada  Arena.  The  Fernando  is  the 
only  formation  exposed  along  the  entire  length  of  the  anticline. 
With  the  exception  of  some  diatomaceous  beds  which  closely  resemble 
and  were  at  first  mistaken  for  Monterey  shale,  the  rocks  exposed  are 
sandstone  and  conglomerate. 

The  northwestern  portion  of  the  fold,  from  the  Howard  Canyon 
road  northwestward,  is  a  gentle  arch  with  dips  on  the  flanks  rarely 
more  than  5°,  except  northwest  of  Los  Alamos,  where  the  dips  of 
some  of  the  youngest  beds  exposed  change  abruptly  from  3°  or  4°  to 
15°.  The  northwestern  extremity  of  the  anticline  fades  off  into  the 
low  slopes  toward  the  Santa  Maria  Valley.  From  Howard  Canyon 
eastward  the  southerly  dip  increases  rapidly  in  steepness  until  in  the 
region  of  Canada  de  los  Coches  it  attains  a  slope  of  25°  to  35°,  the 
steepest  dip  being  at  the  junction  of  the  canyon  last  named  and 
Canada  Arena.  Although  the  southerly  dip  increases  in  steepness 
toward  the  east  along  the  anticline,  the  dip  of  the  northern  slope 
becomes  less,  ranging  from  12°  or  15°  in  the  region  of  Howard  Can- 
yon to  3°  or  4°  just  west  of  Canada  Arena,  and  finally  changing  to  a 
gentle  southward  slope  in  the  region  of  Cuaslui  Creek,  thus  fading 
into  the  southern  flank  of  one  of  the  folds  emanating  from  the  region 
at  the  head  of  Round  Corral  Canyon  and  Asphaltum  Creek.  In  the 
region  of  Cuaslui  Creek  the  flexure  is  therefore  not  a  typical  anti- 
cline in  the  regularly  accepted  sense,  the  horizontal  being  used  as 
datum,  but  in  ever}^  other  way  it  confonns  to  the  characters  of  such 
a  structural  feature. 

On  the  ridge  north  of  the  central  portion  of  Canada  del  Gato  and 
extending  indefinitely  northwestward  out  into  tlie  Santa  Maria  Val- 
ley a  mile  or  so  southwest  of  Gary  is  a  low  anticline,  the  southeastern 
end  of  which  merges  into  the  almost  horizontal  northern  flank  of  the 
Gato  Ridge  anticline.  At  no  place  along  its  course  is  this  structural 
feature  well  developed,  although  it  appears  to  be  fairly  persistent 
for  a  considerable  distance. 

Evidences  of  petroleum, — Very  little  surface  evidence  of  the  exist- 
ence of  petroleum  in  the  Gato  Ridge  anticline  is  to  be  had  along  its 
course.  Near  its  axis  in  Cuaslui  Creek  and  north  of  the  head  of 
Howard  Canyon,  however,  the  Fernando  shale  is  slightly  bitumi- 
nous. The  Pezzoni  well,  in  Canada  Arena;  the  Williams  well,  near 
Canada  del  Gato,  IJ  miles  west  of  the  Howard  Canyon  road,  and  the 
Palmer  Oil  Company's  well  No.  1,  1  mile  west  of  the  lower  part  of 
Canada  del  Gato,  all  approximately  a  mile  north  of  the  anticline, 
offer  indisputable  evidence  of  the  presence  of  the  oil-bearing  rocks 
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along  a  considerable  extent  of  its  northern  flank.  In  the  region  of 
the  Pezzoni  well  an  unproductive  oil  and  gas  bed  is  encountered  at 
about  1,200  feet  below  the  surface,  immediately  followed  by  a  dia- 
base or  lava  rock  in  which  the  ferromagnesian  minerals  have  been 
weathered  to  serpentine.  In  the  Williams  well  the  same  or  a  similar 
oil  and  gas  bed  occurs  much  lower.  The  well  was  abandoned  owing 
to  the  terrific  gas  pressure,  which  heaved  heavy  tar  up  into  the  hole 
and  stopped  operations.  The  Palmer  well  is  productive,  yielding  oil 
of  16°  or  17°  gravity.  Although  not  directly  associated  with  the 
minor  anticline  northeast  of  Canada  del  Gato,  the  asphaltimi  occur- 
ring at  Fugler  Point,  1  mile  north  of  Gary,  is  important  in  indicating 
the  probable  presence  of  petroleum  in  the  upper  end  of  the  Santa 
Maria  Valley. 

Conclusions  regarding  future  development. — The  region  north  of  the 
Gato  Ridge  anticline,  from  the  vicinity  of  Cuaslui  Creek  westward  to 
a  point  at  least  a  mile  beyond  the  Howard  Canyon  road,  is  underlain 
by  strata  so  nearly  horizontal  as  to  preclude  their  containing  very 
productive  accumulations  of  petroleum.  North  and  northwest  of 
this  region,  however,  especially  near  the  axes  of  the  Gato  Ridge 
anticline  and  the  anticline  north  of  it,  the  indications  are  good  for 
productive  wells.  The  conditions  for  the  accumulation  of  petro- 
leum are  also  good  along  and  just  south  of  the  axis  of  the  Gato  Ridge 
anticline  in  the  vicinity  of  Cuaslui  Creek  and  from"  this  locality  west- 
ward to  the  upper  i)ortion  of  Canada  de  los  Coches.  The  same  might 
be  said  of  the  immediate  vicinity  of  the  row  of  prominent  knobs 
which  extend  in  a  straight  line  northwestward  for  5  miles  from  a 
point  about  a  mile  north  of  Los  Alamos,  and  possibly  also,  but  in  a 
less  degree,  for  the  territory  between  these  kno])s  and  the  axis  of  the 
anticline.  These  knobs  mark  an  abnipt  change  in  the  dip  of  the 
beds  from  3°  to  12°  SW.  to  35°  or  40°  or  possibly  more,  in  the  same 
direction.  Wells  would  have  to  be  sunk  to  a  considerable  depth 
along  this  last-mentioned  line  to  reach  the  oil  horizons,  but  if  oil  was 
encountered  at  all  it  would  probably  be  in  such  quantities  as  to  pay 
for  the  deep  holes. 

LA    ZA(  A    CREKK-USQUK    CREEK    ANTICLINE. 

Structure. — The  La  Zaca  Creek-Liscjue  Creek  anticline  extends  from 
the  ridge  southeast  of  Canada  del  Comasa  southeastward  at  least  as 
far  as  the  edge  of  the  Lompoc  quadrangle  east  of  Santa  Agueda 
Creek.  Its  course  is  practicalh'  straight  except  at  the  northwestern 
extremity ,  which  hows  around  toward  the  southwest  and  is  en  6chelon 
with  the  east  end  of  the  Gato  Ridge  anticline.  The  dips  along  the 
axis  are  low  in  ])oth  directions,  but  distant  from  it  thev  are  much 
steeper,  being  as  high  as  30°  or  more  to  the  northeast  on  the  second 
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ridge  east  of  Figueroa  Creek,  as  shown  in  PI.  VI,  A  (p.  46),  and  30° 
SW.  at  the  junction  of  Figueroa  and  Lisque  creeks. 

Conclusions  regarding  future  development. — No  indications  of  petro- 
leum were  noticed  in  proximity  to  this  anticline,  and  it  is  almost  cer- 
tain that  no  productive  wells  will  be  developed  on  that  part  of  it 
which  lies  within  the  Lompoc  quadrangle,  with  the  possible  excep- 
tion of  a  small  area  at  its  west  end.  There  are  good  reasons  for 
believing  that  the  oil-bearing  beds  are  absent  from  most  of  its  north- 
em  flank,  and  if  present  under  certain  portions  of  its  southern  flank 
they  lie  at  such  a  depth  as  to  preclude  their  successful  exploitation. 

SUMMARY  OF  CONCLUSIONS    REGARDING    FUTURE  DEVELOP- 
MENT. 

There  can  be  no  doubt  that  the  region  treated  in  this  report  is  one 
of  great  promise.  The  structural  and  other  conditions  in  general 
favor  not  only  much  more  extensive  development  of  the  territory 
that  has  already  been  tested,  but  also  the  development  of  new  fields. 
It  must  be  borne  in  mind  continually,  however,  that  absolute  deter- 
mination, by  work  on  the  surface,  of  the  possibilities  of  occurrence 
or  nonoccurrence  of  oil  in  any  one  locality  is  not  possible.  The 
best  that  can  be  done  is  to  calculate  the  degree  of  probability  on 
the  basis  of  a  summation  of  surface  indications  and  structural  con- 
ditions. 

The  follo\ving  is  a  list  of  the  tracts  that  appear  especially  to  invite 
testing  with  the  drill.  Most  of  them  have  been  discussed  in  the 
foregoing  pages: 

North  and  northoast  of  Sisquoc  post-office,  along  anticlines. 

General  region  east  and  west  of  Tepusqiiet  Creek. 

Indefinite  area  west  of  Gary,  about  Fugler  Point. 

Santa  Rita  Hills  anticline. 

Near  the  coast  north  of  Schumann  Canyon. 

Schumann  anticline  in  southeastern  part  of  Casmalia  Hills. 

Two  anticlines  on  San  Antonio  terrace. 

Questionable  region  at  mouth  of  Santa  Maria  Valley. 

Northeastern  portion  of  Burton  Mesa. 

Purisima  Hills  anticline,  more  especially  the  south  side. 

Anticline  at  head  of  Santa  Lucia  Canyon. 

Region  about  Mount  Solomon  and  related  anticlines. 

Along  Gato  Ridge  anticline  and  south  of  it  between  Canada  de  los  Alisos  and  Canada 
de  los  Coches. 

Row  of  knobs  extending  5  miles  northwestward  from  a  point  about  1  mile  north  of 
Los  Alamos  and  the  territory  between  these  knobs  and  the  Gato  Ridge  anticline. 

Region  northwest  of  the  head  of  Howard  Canyon,  especially  along  the  axis  of  the 
anticline  south  of  Gary. 

Arroyo  Grande  field.     (See  pp.  107-108.) 
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DETAIIiS  OF  THE  DEVEIjOPEI>  TERRITORY. 

DEFINITION  OF  FIELDS. 

In  the  following  paragraphs  are  discussed  the  more  imp 
details  regarding  the  structure,  geology,  oil  zones,  oil,  and  prodi 
in  the  areas  in  which  development  is  well  under  way.  These 
within  the  Lompoc  and  Guadalupe  quadrangles  fall  natural! 
two  fields — the  Santa  Maria  field  and  the  Lompoc  field.  The  i 
covers  the  whole  territorv  between  the  Los  Alamos  and  Santa 
valleys,  and  the  latter  is  used  to  designate  the  region  south  of  tl 
Alamos  Valley.  A  third,  the  Arroyo  Grande  field,  covering  tl 
ritorj^  north  and  northwest  of  the  town  of  that  name  in  Sai 
Obispo  County,  lies  to  the  north  of  the  region  mapped,  but  is ' 
discussed.  A  note  on  the  Huasna  field,  east  of  Arroyo  Grai 
also  appended. 

SANTA  MARIA  FIELD. 

CONTOUR   MAP. 
WHAT  IT  SHOWS. 

The  contour  map  of  the  Santa  Maria  field  (PI.  X)  shows  the  l 
arios  of  the  different  properties,  the  approximate  location  of  j 
wells,  and  the  general  structure  of  the  field.  The  structure  ii 
cated  by  contours  showing  the  distance  below  sea  level  of  a 
thetical  horiz(m,  zone,  or  bed,  which  just  reaches  sea  level 
highest  part  of  the  axis  of  the  Mount  Solomon  anticline.  Th 
tour  interval  is  100  feet.  By  means  of  this  ma])  the  directic 
amount  of  dip  of  the  strata  in  the  oil-bearing  Monterey  shale  n 
calculated  for  any  point  in  the  field,  as  the  contour  lines  she 
direction  of  strike  (to  which  the  dip  is  at  right  angle's),  and  thi 
zontal  distance  l)etween  any  two  ccmtours  is  the  distance  tl 
which  the  beds  dip  100  feet  at  that  particular  point. 

BASIS  OF  CONTOUR  KAF. 

The  property  lines  were  sketched  from  a  nuip  kindly  furnisl 
Frank  M.  Anderson.  The  wells  were  located  in  the  field  by  tl 
supplemented  by  pacing  and  in  some  instances  by  informatic 
nished  by  the  managers  of  properties.  The  log  of  every  well 
area  either  finished  or  down  any  considerable  distance  in  A 
1906,  was  used  in  the  determination  of  the  structure  and  the 
pilation  of  the  data  concerning  the  oil  zones.  All  additional  ini 
tion  availal)le  up  to  January  15,  1907,  has  l)een  used  in  a  revii 
the  contouring.  All  of  the  obtainable  surface  evidence  of  di 
strike  of  the  beds  was  also  used  in  the  preparation  of  the  ma] 
every  case  where  the  surface  and  well-log  evidence  were  at  va 
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the  latter  was  followed.  In  the  Fernando  formation,  which  uncon- 
formably  overlies  the  Monterey  shale,  it  was  natural  to  expect  vari- 
ance with  the  structure  in  the  Monterey,  but  even  here  the  surface 
evidence  more  often  supported  than  contradicted  the  evidence 
obtained  by  the  drill. 

DIFFICnTLTIES  OF  PREPARATION. 

After  carefully  plotting  all  the  logs  on  a  uniform  scale  it  was  found 
that  the  greatest  obstacle  to  overcome  in  the  preparation  of  the  con- 
tour map  was  the  correlation  of  strata  from  one  well  to  another  and 
from  one  part  of  the  field  to  another.  The  difficulties  of  such  corre- 
lations are  doubtless  familiar  to  anyone  who  has  tried  to  work  out 
the  underground  structure  of  any  of  the  California  fields.  The  Santa 
Maria  field  offers  as  much  encouragement  to  successful  study  and 
mapping  of  the  underlying  oil-bearing  formations  as  any  other  so  far 
examined  by  the  senior  author,  and  so  the  effort  has  been  made  to 
delineate  on  the  map  all  the  details  of  structure  furnished  by  the 
data  available,  and  to  supplement  these  details  by  showing  for  the 
untested  areas  what  seem  to  be  the  most  likely  conditions  of  under- 
ground structure.  It  is  very  easy  to  make  an  ambiguous  statement 
which  will  apply  equally  well  to  any  conditions  exposed  by  future 
development,  no  matter  what  they  may  be;  but  it  is  impossible  to 
make  an  ambiguous  map.  However,  it  is  deemed  advisable  to  show 
the  information  in  hand,  incomplete  as  it  is,  on  a  map.  Future 
development  will  doubtless  add  much  to  our  knowledge  of  this  field, 
and  will  show  the  inaccuracies  of  the  contouring  as  here  presented, 
but  it  is  hoped  that  the  benefits  which  may  accrue  to  the  operators 
from  a  knowledge  of  the  general  structure  of  the  field  will  compen- 
sate in  a  measure  for  the  errors  in  detail  which  are  to  be  expected  in 
a  map  based  on  data  so  incomplete. 

THE    WELLS. 
AREAS  DISOTJSSED. 

For  convenience  of  discussion  the  proved  portion  of  the  Santa 
Maria  field  has  been  roughly  divided  into  six  areas,  based  largely 
on  the  geographic  position  of  the  wells.  The  following  are  the  areas 
discussed:  Hall-Hobbs-Rice  ranch;  Pinal- Fox-Hobbs;  Pinal-Fol- 
som-Santa  Maria  Oil  and  Gas-Escolle;  Hartnell-Brookshire ;  Gra- 
ciosa- Western  Union;  and  eastern  Western  Union. 

OIL  ZONES. 

Although  in  many  instances  detailed  correlation  from  one  well 

to  another  is  impossible,  four  fairly  well  defined  oil  zones  are  believed 

to  be  recognizable  in  the  Santa  Maria  field.     Of  these  at  least  two 

are  found  in  practically  every  part  of  the  field,  although  all  vary 

•  1784— Bull.  322—07 7 
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more  or  less  in  thickness,  composition,  and  yield  from  well  to  well. 
The  most  persistent  zone  in  that  part  of  the  field  which  is  best 
developed  at  the  present  tinie  is  the  second,  or  B  zone.  Above 
this  in  many  of  the  wells  is  zone  A;  in  others  zone  C  is  penetrated 
below  it.  The  upper  zone  in  the  eastern  group  of  Western  Union 
wells,  although  above  what  is  supposed  to  be  the  horizon  of  B,  is 
probably  considerably  above  the  A  zone  of  the  northern  part  of  the 
field,  where  it  appears  to  have  no  correlative. 

With  the  exception  of  the  lowest  zone  in  the  wells  in  the  eastern 
part  of  the  field  and  of  a  few  others  mentioned  in  the  detailed  dis- 
cussion of  the  local  areas,  the  oil  zones  appear  to  represent  fractured 
portions  of  the  shales,  the  interstices  in  the  breccia  or  possibly  joint 
cracks  in  the  beds  being  the  reservoirs  for  the  storage  of  the  oil. 
The  exceptions  to  the  brecciated  productive  zones  are  apparently 
typical  sands  and  gravels. 

HALL-HOBBS  RICE  RAKOH  ARIA. 
LOCATION    AND   STRUCTURE. 

The  area  here  discussed  comprises  the  California  Coast,  Meridian, 
Coblentz,  Santa  Maria  Oil  Company  (Keyser),  Hall  &  Hall,  New 
Pennsylvania,  Rice  ranch,  and  Dome  properties  and  the  north- 
eastern part  of  the  Hobbs  lease,  and  occupies  the  ridges  and  canyons 
which  extend  northward  from  the  east  end  of  the  main  Graciosa 
Ridge.  The  wells  are  located  on  the  northwestern  flank  of  the 
Mount  Solomon  anticline,  at  or  immediately  northwest  of  the  ter~ 
ritory,  in  which  it  swings  from  a  northeastward  to  a  southeastward 
trend.  In  addition  to  the  main  anticline  there  appear  to  be  one  or 
more  local  flexures  involved  in  the  structure  of  the  field,  the  Hobbs 
anticline  and  the  syncline  between  it  and  the  Mount  Solomon  anticline 
being  the  most  prominent.  The  characteristics  and  extent  of  these 
features  as  they  are  believed  to  exist  are  portrayed  on  the  contour 
map  (PI.  X). 

GEOLOGY   OF  THE   WELLS. 

Nearly  all  the  wells  in  this  area,  with  the  exception  of  the  Hall, 
Meridian,  and  Coblentz  start  down  in  the  Monterey  shale.  Those 
farthest  away  from  the  top  of  the  ridge,  other  things  being  equal, 
have  to  penetrate  farthest  through  the  Fernando  clay,  sand,  and 
conglomerate.  Up  to  the  present  time  the  greatest  thickness  of  the 
Fernando  penetrated  before  reaching  the  shale  is  650  feet,  and  much 
trouble  was  experienced  in  going  through  it  in  this  well,  the  forma- 
tion being  mostly  sand.  From  the  top  of  the  Monterey  shale  to  the 
bottom  of  the  wells  the  rocks  are  largely  blue  and  brown  shales, 
with  only  here  and  there  interbedded  hard  ''sheir^  layers.     In  fact. 
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one  log  reports  **no  shell'*  until  the  first  oil  zone  is  reached.  Wher- 
ever *'sheir'  is  penetrated  accumulations  of  gas  or  oil  or  both  are 
generally  encountered.  The  shale  seems  to  be  somewhat  more  sandy 
in  this  area  than  farther  west  or  in  the  Graciosa-Westem  Union 
region. 

Three  oil  zones  are  recognizable  in  the  area  under  discussion, 
although  practically  all  the  strata  from  the  top  of  the  uppermost 
zone  to  the  bottom  of  the  lowest  are  more  or  less  petroliferous  at 
one  point  or  another. 

The  first  productive  zone  (A)  is  penetrated  at  a  depth  of  1,600 
to  2,100  feet,  varying  according  to  the  position  of  the  well  geograph- 
ically and  relatively  to  the  axis  of  the  anticline.  Its  top  is  from  550 
to  700  feet  above  the  top  of  zone  B  in  this  area.  Zone  A  is  produc- 
tive for  a  distance  in  the  wells  of  20  to  more  than  500  feet.  Of  course 
this  does  not  mean  that  the  beds  are  productive  in  any  one  well  for 
the  whole  distance  of  500  feet,  but  that  throughout  the  zone  alternat- 
ing barren  and  productive  beds  occur  at  such  close  and  as  a  rule 
irregular  intervals  as  to  preclude  their  practical  differentiation.  The 
productive  measures  in  this  first  zone  consist  both  of  hard  frac- 
tured shale  or  *^ shell"  and  more  or  less  porous  sandy  layers.  In  at 
least  one  of  the  wells  the  oil  accumulates  only  under  the  hard  *' shell" 
layers.  Zone  A  is  the  only  one  penetrated  by  some  of  the  wells 
farthest  away  from  the  anticlinical  axis.  In  these  wells  it  appears 
to  be  much  more  petroliferous  than  in  wells  higher  up  on  the  fold. 

The  second  oil  zone  (B)  is  from  550  to  700  feet  below  the  top  of 
zone  A,  and  its  upper  limit  is  about  300  or  400  feet  above  the  top  of 
zone  C,  although  it  can  hardly  be  said  to  be  distinct  from  C  in  all 
the  wells,  so  rich  in  oil  are  some  of  the  intervening  strata  between 
them.  True  sands  of  medium  grain,  in  addition  to  the  productive 
hard  shale,  yield  the  oil  in  this  zone. 

The  third  oil  zone  (C)  is  encountered  in  some  of  the  deeper  wells 
nearest  the  axis  of  the  main  anticline.  This  zone  has  been  pene- 
trated for  as  much  as  150  feet,  the  whole  distance  being  very  rich 
in  petroleum.  It  is  overlain  by  a  considerable  thickness  of  black 
shale,  also  more  or  less  petroliferous,  between  which  and  the  rich 
zone  is  a  thin,  hard  ^^shell"  layer.  The  oil-yielding  rock  is  a  true 
sand,  coarse  in  places  and  even  becoming  pebbly  toward  its  base  in 
certain  portions  of  the  area.  To  the  coarseness  of  the  material  is 
doubtless  due  the  great  productiveness  of  the  zone. 

PRODUCT. 

The  oil  in  the  Hall-Hobbs-Rice  ranch  area  runs  from  26°  to  29° 
Baum6  and  is  dark  brown  in  color.  Gas  accompanies  the  oil  and  also 
occurs  isolated  under  some  of  the  more  impervious  ''shell"  layers 
in  the  shale.     No  water  is  reported  in  any  of  the  wells. 
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The  production  of  the  wells  ranges  from  300  to  something  oyer 
2,000  barrels  per  day.  Those  wells  which  penetrate  the  lowest  or  C 
zone  are  the  best  producers.  It  is  said  that  where  a  number  of  wells 
are  located  comparatively  near  together  the  production  of  each  well  is 
largely  dependent  on  whether  or  not  the  adjacent  wells  are  producing, 
a  fluctuation  of  50  per  cent  resulting  from  this  cause  in  some  instances. 

PIKAL-FOX-HOBBS  AREA. 

LOCATION    AND    STRUCTURE. 

The  area  comprising  the  Fox  lease,  the  southwestern  part  of  the 
Hobbs  lease,  and  the  northeastern  portion  of  the  Pinal  property, 
occupies  the  ridge  and  two  adjacent  canyons  which  extend  north- 
ward from  the  central  portion  of  Graciosa  Ridge.  The  wells,  are 
located  in  an  area  of  considerable  structural  disturbance  caused  by 
the  development  of  two  local  anticlines  on  the  northwestern  flank  of 
the  main  Mount  Solomon  anticline.  These  two  minor  flexures  have 
been  named  after  the  companies  under  whose  property  they  are  best 
developed.  Although  the  position  assigned  to  them  on  the  map  is 
more  or  less  hypothetical,  the  evidence  in  f^vor  of  it  is  fairly  complete, 
and  their  location  explains  some  of  the  variations  in  production  of 
adjacent  wells. 

GEOLOGY    OF   THE    WELLS. 

Practically  all  the  wells  within  this  area  start  in  the  Monterey 
^hale,  and  this  is  the  prevailing  formation  to  their  bottoms.  Certain 
portions  of  the  shale  are  burnt  to  a  brick-red  color  by  the  combustion 
of  their  hydrocarbon  contents,  the  burnt  shale  being  encountered  as 
low  as  330  feet  in  one  of  the  wells.  The  burning  has  so  hardened  the 
shale  in  places  as  to  render  drilling  in  them  more  difficult.  A  hard 
limestone  ^^  shell ''  layer  was  encountered  in  one  of  the  wells  just  above 
the  second  (B)  oil  zone.  Tar  or  asphaltum  occurs  in  some  of  the  wells 
at  a  depth  of  about  600  feet,  in  others  at  various  depths  from  200  to 
1,200  feet.  The  tar  is  in  manj^  wells  associated  with  black  shale. 
Gas  accumulations  under  ^^ shell"  and  other  impervious  layers  are  of 
common  occurrence  both  in  the  oil  zones  and  locally  in  the  barren 
overlying  shale.  Water  is  encountered  in  some  of  the  wells  at 
depths  ranging  from  150  to  270  feet.  This  occurrence  is  noteworthy, 
as  the  wells  in  the  group  to  the  east  are,  so  far  as  known,  quite  free 
from  water  in  the  shale.  Its  occurrence  in  the  Fernando  sands  and 
conglomerates  is  to  be  expected,  but  its  presence  in  sands  inter- 
bedded  with  the  shale  is  unusual  for  this  field. 

The  first  oil  zone  (A)  is  penetrated  in  the  wells  in  this  area  at 
depths  ranging  from  a  little  more  than  1,600  to  2,650  feet,  or  between 
400  and  600  feet  above  zone  B.  (See  PI.  X,  p.  92.)  Petroliferous 
strata  occur  in  some  of  the  wells  above  this  horizon,  but  they  are  of 
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little  consequence  as  regards  production.  The  thickness  of  zone  A 
in  the  wells  ranges  from  8  or  10  to  nearly  150  feet,  but  several  more 
or  less  important  oil-bearing  zones  lie  between  this  and  the  next 
lower  (B)  zone.  The  productive  measures  of  zone  A  consist  largely 
of  brown  shale,  probably  seamed  or  jointed  in  such  a  way  as  to  afford 
a  reservoir  for  the  oil,  although  certain  of  the  wells  may  obtain  their 
product  from  fine-grained  sands  interstratified  with  the  shale. 

The  second  oil  zone  (B)  is  the  most  important  one  in  this  area, 
although  it  is  underlain  over  at  least  a  part  of  the  area  by  zone  C,  which 
is  apparently  even  more  productive.  The  thickness  of  zone  B  is 
variable,  but  most  of  the  wells  penetrate  from  50  to  150  feet  of  pro- 
ductive strata  at  this  horizon.  The  oil-bearing  beds  are  similar  to 
those  of  zone  A  and  appear  to  consist  largely  of  hard  shales,  with 
some  fine  sands,  although  some  excellent  examples  of  a  true  siliceous 
sand  are  obtained  in  many  of  the  wells.  A  hard  limestone  ^'sheir' 
overlies  zone  B  in  one  well. 

The  third  oil  zone  (C)  is  penetrated  by  some  of  the  deeper  wells 
at  a  depth  of  about  300  to  400  feet  below  zone  B.  In  one  of  the 
wells  zone  C  appears  to  be  missing,  although  a  good  flow  of  oil  is 
reported  from  the  same  hole  about  500  feet  below  where  it  should 
occur. 

Water  underlies  oil-zone  B  in  one  of  the  wells  and  zone  C  in  another. 
This  occurrence  of  water  below  the  oil,  so  common  in  most  fields, 
is  very  rare  in  this  one.  Whether  or  not  in  the  course  of  time  water 
will  follow  up  the  oil  in  the  j)roductive  zones  is  something  that  will 
be  awaited  with  a  great  deal  of  interest.  Some  of  the  wells  in  the 
Santa  Maria  field  have  been  stopped  in  the  midst  of  productive  strata 
for  fear  of  encountering  water  farther  down,  but  whether  or  not 
these  fears  were  well  founded  has  never  been  established. 

PRODUCT. 

The  oil  from  this  group  of  wells  is  of  a  dark-brown  color  and 
ranges  in  gravity  from  24°  to  28°  Baum6,  the  lighter  oil  usually  occur- 
ring in  the  wells  nearest  the  main  anticline;  the  average  gravity  is 
between  25°  and  26°.  Much  gas  is  associated  with  the  oil  in  all  the 
wells. 

The  production  of  the  individual  wells  ranges  from  60  to  1,000 
barrels  per  day,  the  latter  amount  coming  from  a  hole  verj^  eccentric 
in  its  behavior,  as  shown  by  its  yield  of  200  barrels  on  some  days 
and  as  high  as  1,000  on  others;  the  average  daily  production  for  this 
well  is  300  barrels.  With  the  eccentric  well  omitted,  the  maximum 
production  is  about  500  barrels  per  day.  One  well  which  produced 
150  barrels  from  zones  A  and  B  added  350  barrels  to  its  output  when 
deepened  to  zone  C. 
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PIKAL-FOLSOK-SAHTA  KASIA  OIL  AND  OAS-ESOOLLE  ASEA8. 

LOCATION    AND   STRUCTURE. 

The  area  discussed  in  this  section  comprises  the  Folsom  lease,  the 
southern  part  of  the  Pinal  property,  the  central  and  southern  portion 
of  the  Santa  Maria  Oil  and  Gas  lease,  and  the  Escolle  property  of 
the  Union  Oil  Company.  The  wells  are  located  on  the  west  end  of 
Graciosa  Ridge  and  in  the  canyons  on  its  sides.  The  region  is  largely 
covered  by  the  Fernando  sandstone  and  conglomerate  "cap  rock," 
although  the  Monterey  shale  is  exposed  in  the  side  canyons.  The 
stnicture  underlying  this  part  of  the  field  is  comparatively  simple 
so  far  as  known,  the  main  Mount  Solomon  anticline,  which  plunges 
northwestward  through  its  center,  being  the  only  fold  of  consequence 
immediately  affecting  the  area.  The  mapping  of  the  anticline  near 
Escolle  well  No.  3  is  based  entirely  on  the  evidence  offered  by  the 
well  logs,  which  is  at  variance  with  the  northwesterly  dips  in  the 
Fernando  in  the  vicinitv  of  Evscolle  wells  Nos.  2  and  3. 

OEOLOr.Y   OK  THK   WELLS. 

Those  wells  which  start  in  the  Fernando  remain  in  this  formation 
for  distances  ranging  from  a  few  feet  to  nearly  300  feet,  the  strata 
penetrated  being  sand  and  conglomerate.  In  the  region  of  Escolle 
well  No.  1  and  Folsom  well  No.  1  the  Fernando  appears  to  be  exc<>p- 
tionally  deep,  extending  nearly  300  feet  below  the  surface,  and  to 
consist  largely  of  conglomerate*.  One  of  the  wells  reports  red  con- 
glomerate at  30  to  90  feet  b(»low  the  surface;  whether  this  is  burnt 
shale  so  hardened  as  to  come  out  of  the  well  in  fragments  of  consid- 
erable size  or  whether  it  is  true  water-worn  material  is  not  known. 
Asplialtimi  is  reported  at  the  base  of  the  Fernando  in  some  of  the 
wells,  and  may  also  be  seen  at  the  contact  between  the  Monterey 
shale  and  overlying  beds  at  many  placets  in  this  area.  (See  PI. 
XI,  A.)  The  channels  through  which  this  material  has  escaped 
from  the  shale  are  undoubtedly  joint  cracks,  as  veins  of  the  hardened 
asphaltum  may  be  seen  in  the  shale  beside  the  road  leading  up  to 
Santa  Maria  Oil  and  Gas  (Scjuires)  well  No.  4  and  at  other  points  in 
the  field.  From  the  base  of  the  Fernando  to  the  bottom  of  the  wells 
the  strata  ])enetratod  are  practically  all  shale  with  a  few  hard  ** shell" 
layers,  under  which  occur  accimiulations  of  gas  and  locally  of  oil. 

A  zone  in  which  *'shells"  appear  to  be  particularly  abundant 
immediately  overlies  the  first  oil  zone.  Traces  of  tar  and  asphaltum 
are  also  reported  in  the  shale  at  various  depths.  Two  zones  in 
which  many  hard  limestone  ''shells'^  layers  are  encountered  are 
reported  from  some  of  the  wells;  one  of  these  is  about  500  feet  above 
the  second  oil  zone  (B),  and  the  other  immediately  underlies  it. 
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The  first  oil  zone  (A),  which  lies  from  250  to  500  feet  above  zone  B, 
is  struck  at  depths  rangmg  from  1,400  to  2,450  feet.  Its  thickness 
ranges  from  a  few  feet  to  about  50  feet;  according  to  the  logs  it  is 
lacking  in  some  of  the  wells,  the  first  oil  being  encountered  in  zone  B. 
The  oil-bearing  strata  in  zone  A  are  largely  shale,  which  afford  a 
reservoir  for  the  oil,  probably  on  account  of  their  fractured  condition. 
Beds  of  fine  sand  in  this  zone  may  also  contain  some  of  the  petroleum. 

The  second  oil  zone  (B),  occurs  at  depths  of  1,950  to  3,150  feet 
and  is  penetrated  by  all  of  the  wells  in  this  area.  It  ranges  in  thick- 
ness from  nearly  50  to  about  250  feet,  in  the  wells;  one  of  the  wells, 
however,  is  said  to  encounter  petroliferous  beds  intermittently  from 
the  top  of  zone  B  for  a  distance  of  550  feet  downward.  The  oil- 
bearing  strata  consist  of  alternating  layers  of  hard  shale  and  fine 
sandstone. 

The  third  oil  zone  (C),  occurs  from  500  to  600  feet  lower  in  the 
wells  than  zone  B  and  consists  of  two  parts,  each  from  25  to  50  feet 
thick,  separated  by  a  layer  of  shale  of  variable  thickness;  in  one  of 
the  wells,  however,  the  intervening  shale  is  missing  and  the  strata 
are  richly  impregnated  with  oil  from  the  top  of  the  zone  for  a  distance 
of  250  feet  downward,  to  a  point  where  a  3-foot  layer  of  water  sand 
limits  the  productive  zone.  In  practically  all  the  wells  in  the  field 
zone  C  is  very  rich,  and  nearly  all  the  wells  tapping  it  are  fine  pro- 
ducers. 

PRODUCT. 

The  oil  obtained  in  the  area  under  discussion  averages  somewhat 
better  than  that  in  the  area  to  the  east,  and  has  a  gravity  of  26*^  to  28® 
Baum^,  with  an  average  somewhere  between  26°  and  27®.  As  is  com- 
mon in  other  portions  of  the  field,  the  gas  pressure  in  most  of  the 
wells  is  high. 

The  production  of  the  individual  wells  ranges  from  100  to  2,700 
barrels  per  day,  the  well  yielding  the  latter  amount  being  said  to  have 
had  an  initial  daily  output  of  5,000  barrels  for  a  short  time.  In  one 
series  of  wells  those  down  the  dip  are  more  pnKluctive^han  those 
nearer  the  axis  of  the  anticline,  the  variation  being  at  least  partially 
accounted  for  by  a  thickening  of  the  oil  zf>ne  away  from  the  axis. 


UH'.KTIOS    AND    5*TRf  rTf  RK. 


The  area  compriang  the  .si^>uthem  jK>rtion  (A  the  Hartnell  tract 
and  Brookdiire  property  and  the  southeastern  pf>rtion  of  the  Radium 
lease  is  located  on  or  adjacent  to  the  rirlge  running  northwestward 
from  a  point  near  the  west  end  rrf  Gracir>«a  Kidge,  and  in  the  broad 
valley  to  the  south*    The  major  structural  feature  developed  in  the 
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beds  underlying  the  area  is  a  northwestward-plunging  anticline  which 
is  here  called  the  *'  Hartnell. "  There  is  both  surface  and  underground 
evidence  of  its  presence,  but  its  exact  location  is,  of  course,  only  con- 
jectural. As  will  be  noticed  on  examining  the  map  (PL  X,  p.  92) 
the  northern  flank  of  the  anticline  is  much  steeper  than  the  south- 
western, this  fact  apparently  having  a  direct  bearing  on  the  produc- 
tiveness of  the  wells  penetrating  this  flank. 

GEOUXsT   OF  THE   WELLjS. 

The  surface  distribution  of  the  formations  in  the  immediate  vicinity 
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of  the  little  swale  on  the  rids:e  in  which  Brookshire  wells  Nos.  3  and  4 
are  situated  is  very  interesting.  The  bottom  of  the  swale  is  Monterey 
(Pliocene)  shale ;  imconformably  overlying  this  on  the  south  is  f ossil- 
iferous  Fernando  (Pliocene "»  sandstone  and  conglomerate;  immedi- 
ately north  of  the  swale  is  terrace-deposit  (Pleistocene)  sandstone. 
(See  PI.  XI,  B.)  It  has  been  suggested  that  such  a  condition  is  most 
easily  explained  by  the  presence  of  a  fault  through  the  swale,  the 
downthrow  Inking  on  the  north.  The  logs  of  the  wells  in  the  immediate 
vicinity,  however,  otTer  evidence  that  such  is  not  the  case,  but  that 
tlie  underlying  Monterey  strata,  followed  almost  immediately  north 
of  Ihe  swale  by  fossiliferous  Fernando  beds,  plunge  steeply  north- 
ward and  are  overlain  unconforniably  by  the  low-dipping  or  prac- 
tically horizontal  terrace  beds  which  are  exposed  on  the  ridge  north 
of  tlie  swale.  Some  of  the  wells  starting  in  the  post-Monterey  forma- 
tions penetrate  sand  and  gravel  for  a  distance  of  more  than  600  feet 
before  entering  tlie  Mt>nterey.  Limestone,  probably  corresponding 
to  the  liniv  lavers  associated  with  fossiliferous  beds  at  the  base  of  the 
Fernando  in  the  railroad  cut  north  of  Schumann,  is  reported  as  occur- 
ring next  to  the  Monterey  shale  in  one  of  the  wells.  Water  is  encoun- 
tered in  gravel  at  various  horizons  in  the  Fernando  between  the  depths 
of  1 50  and  (UK)  feet.  Ilartnell  well  No.  3  and  Brookshire  well  No.  1 
(the  latter  about  half  a  mile  northeast  of  the  area  under  discussion), 
which  ])(Mi(»trate  the  water-hearing  Fernando,  are  used  as  water  wells. 
From  tlie  base  of  the  Fernando  to  their  bottoms  the  wells  penetrate 
blue  and  brown  shale,  ami  verv  rarelv  ime  sandv  layers.  *' Shell" 
strata,  many  of  tliem  umlerlain  by  gas  and  some  by  oil  and  gas,  are 
encountered  liere  and  (liore  tlu'ouirhout  the  shale. 

The  first  oil  zone  (A)  occurs  al)out  400  feet  above  zone  B,  is  stnick 
at  depths  ranging  from  l\ir)0  to  more  than  3,000  feet,  and  is  said  to 
be  from  2  to  5  feet  thick.  On  examination  of  the  material  coming 
from  this  and  the  underlying  productive  zones,  it  is  quite  apparent 
that  the  oil  must  come  from  the  joint  cracks  or  interstices  betw^een 
the  fragments  of  more  or  less  fractured  shale,  as  no  tme  sands  of  suffi- 
cient coarseness  to  allow  the  rapid  transmission  of  the  oil  have  been 
encountered  in  the   productive   zones   in   the  wells   of   this   group. 
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Between  the  first  zone  and  the  one  that  has  been  recognized  as  the 
second,  or  zone  B,  are  one  or  more  productive  zones  2  to  15  feet  thick. 
No  two  wells  show  the  same  sequence  of  these  zones  and  they  prob- 
ably represent  places  of  local  fracturing. 

The  second  oil  zone  (B)  is  thought  to  be  fairly  constant  through- 
out the  area.  It  consists  of  alternating  barren  and  productive  layers 
of  shale,  some  of  the  productive  layers  being  from  a  few  feet  to  as 
nmch  as  20  feet  thick.  Below  the  main  or  upper  part  of  this  zone 
are  other  productive  layers,  some  at  least  200  feet  below  zone  B. 
The  oil-bearing  measures  in  these  zones,  as  in  zone  A,  are  probably 
nothing  more  or  less  than  fractured  portions  of  the  shale. 

PRODUCT. 

The  oil  from  the  wells  in  this  area  runs  from  24°  to  26°  Baum6,  and 
is  dark  brown  in  color  with  the  exception  of  that  from  one  of  the 
wells,  which  is  said  to  be  a  reddish  emulsion  of  oil  and  water.  All 
the  wells  show  much  gas,  the  best  producers,  especially,  being  under 
heavy  pressure. 

The  production  of  the  individual  wells  in  this  group  ranges  from 
an  initial  output  of  12,000  barrels  per  day  in  one  well  to  a  daily  aver- 
age of  150  barrels  in  another.  The  following  statement  concerning 
the  production  of  Hartnell  well  No.  1,  the  greatest  producer  in  the 
California  oil  fields,  has  been  kindly  furnished  by  Mr.  Orcutt,  of  the 
Union  Oil  Company: 

Well  (Hartnell  No.  1)  started  to  flow  over  derrick  through  8J-inch  and  between  this 
and  10-inch  casing  December  3,  1904.  Gas  pressure  was  very  heavy,  estimated  at  400 
pounds  per  square  inch — was  probably  much  higher,  however.  Oil  was  measured  in 
an  open  ditch  by  use  of  a  miner's-inch  measuring  box,  and  showed  31  miner's  inches, 
or  about  12,000  barrels  per  day.  The  flow  continued  for  about  sixty  days  and  gradu- 
ally weakened.     September  1,  1905,  the  well  was  doing  3,069  barrels  per  day. 

The  oil  was  stored  in  earthen  reservoirs,  and  the  production  to  the  above  date  is  esti- 
mated at  1,500,000  barrels  from  this  well  alone.  Up  to  August  15,  1906,  the  total  pro- 
duction for  the  well  was  something  over  2,000,000  barrels. 

The  gas  accompanying  the  initial  flow  of  oil  was  estimated  at  4,000,000  cubic  feet 
per  day.  After  the  well  had  been  gotten  under  control  it  furnished  gas  for  running 
20  boilers  for  well-drilling  rigs,  and  in  addition  supplied  the  town  of  Orcutt  (popula- 
tion about  200)  with  gas  for  domestic  purposes.  At  the  present  time  it  is  still  yielding 
a  constant  flow,  which  is  used  for  many  purposes  in  (Orcutt. 

ORACIOSA-WESTERN  UNION  AREA. 
LOCATION    AND    STIIUCTURK. 

The  wells  at  the  northeast  corner  of  the  Graciosa  and  northwestern 
comer  of  the  Western  Union  properties  are  located  on  the  point  of 
the  ridge  which  runs  southward  for  more  than  a  mile  from  the  main 
Graciosa  ridge.  The  structure  of  the  beds  underlying  the  devel- 
oped area  is  apparently  simple,  as  they  are  on  the  southwestern 
flank  of  the  hypothetical  Newlove  anticline.     At  least  two  minor 
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folds  occur  on  this  flank,  one  apparently  passing  through  Western 
Union  wells  Nos,  21  and  22  and  the  other  occurring  from  three-eighths 
to  five-eighths  of  a  mile  farther  northwest.  The  Newlove  anticline  as 
shown  o:\  the  map  is  wholly  hypothetical.  It  is  the  expression  of  the 
most  plausible  explanation  of  the  relationship  which  is  supposed 
to  exist  between  the  known  Graciosa- Western  Union  and  the  eastern 
Western  Union  well  areas.  The  surface  evidence  of  the  structure 
consists  of  a  10°  SE.  dip  in  the  Fernando  beds  just  north  of  the 
Graciosa  wells,  together  with  some  more  or  less  uncertain  dips  in  the 
Monterey  toward  the  head  of  the  ridge,  approximately  parallel  with 
which  the  anticline  is  supposed  to  run. 

GEOLOGY   OP  THE   WELLS. 

The  wells  all  start  in  the  sands  of  the  Fernando,  penetrating  this 
formation  for  70  to  300  feet.  No  water  is  reported  from  this  sand, 
but  asphaltmn  is  said  to  have  been  found  at  its  base  in  one  of  the 
wells.  From  the  base  of  the  Fernando  to  the  top  of  the  main  pro- 
ductive zone  the  formation  consists  of  blue  and  brown. shales  with 
many  hard  "sheir'  layers,  some  beds  of  sticky  shale,  and  rarely  a 
little  sandy  material.  Streaks  of  asphaltum  are  reported  as  occur- 
ring in  the  shale  in  some  of  the  wells,  and  in  others  gas  is  present 
under  some  of  the  "shells.'' 

The  first  oil  zone  (B  of  the  northern  part  of  the  field)  is  reported 
from  only  one  well,  wlwre  it  is  nearly  200  feet  thick  and  is  encountered 
at  a  depth  of  about  2,075  feet.  Gas  is  associated  with  the  oil  in  this 
zone. 

The  second  and  important  oil  zone  of  this  area  (C)  is  struck  at 
depths  ranging  from  2,670  to  something  more  than  3,800  feet,  and 
lies  about  600  feet  lower  in  the  wells  than  zone  B,  which  is  apparently 
unproductive  in  most  of  the  wells.  According  to  the  data  in  hand, 
the  productive  zone  ranges  in  thickness  from  18  to  about  240  feet 
and  consists  of  alternating  light  and  dark  flinty  shales  interbedded 
with  var}  ing  amounts  of  sandy  shale.  No  true  sand,  as  ordinarily 
implied  by  tlie  name,  occurs  in  tlie  productive  zone  of  this  area,  so 
far  as  the  writers  were  able  to  learn. 

rUODUCT. 

The  oil  from  zone  C  runs  from  25°  to  27°  Baume,  averaging  well 
up  between  26°  and  27°,  and  has  a  brownish  color.  It  comes  from 
the  wells  at  a  temperature  of  about  95°  F.  and  is  usually  accompanied 
by  much  gas.  Certain  of  the  wells,  however,  are  said  to  show  a 
comparatively  low  gas  pressure. 

The  production  of  the  individual  wells  ranges  from  300  to  3,000 
barrels  per  day,  the  flow  of  many  being  unusually  strong.  None  of 
the  wells  have  been  allowed  to  produce  up  to  their  full  capacity, 
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owing  to  the  lack  of  storage  and  transportation  facilities,  so  that 
even  had  they  been  down  long  enough  for  a  thorough  test  (which 
is  hardly  the  case,  inasmuch  as  nearly  all  have  been  finished  since 
1904)  no  definite  conclusions  could  be  drawn  concerning  their  lasting 
properties. 

EASTERN  OROXrP  OF  WESTERN  UNION  WELLS. 
LOCATION    AND    STRITCTURE. 

The  eastern  wells  of  the  Western  Union  Company  are  located  near 
the  head  of  one  of  the  branches  of  the  broad  valley  which  extends  east- 
northeastward  from  Harris  Canyon,  at  Blake,  and  are  about  5  miles 
southeast  of  Orcutt.  They  are  from  one-half  to  three-fourths  of  a  mile 
east  of  the  west  property  line  of  the  company  and  close  to  the  north 
line.  Slightly  more  than  half  a  mile  to  the  northeast  of  the  wells  is 
the  axis  of  the  Mount  Solomon  anticline,  from  the  southwestern  flank 
of  which  the  wells  derive  their  oil.  The  structure  in  the  immediate 
vicinity  of  the  wells,  as  indicated  by  the  logs  (see  PI.  X,  p.  92),  is  more 
or  less  complicated,  the  general  strike  of  the  beds  apparently  changing 
abruptly  from  northwest  to  southwest  immediately  northwest  of  the 
group.  Furthermore,  a  local  flexure  with  northeast-southwest  strike 
immediately  underlies  the  developed  territory,  and  a  pronounced 
anticline  (here  named  the  ''Western  Union")  with  a  steep  northeast- 
ern flank  lies  just  to  the  south.  There  is  no  surface  evidence  of  the 
northeast-southwest  disturbance,  but  the  Western  Union  anticline 
is  plainly  to  be  seen  in  the  Fernando  beds.  The  dip  of  the  beds  on  the 
southwestern  flank  of  this  fold  ranges  at  the  surface  from  15°  at  the 
west  end  of  the  hill  south  of  the  wells  to  10°,  and  possibly  much  less, 
one-half  mile  to  the  southeast.  The  maximum  northeasterly  dip  of 
45°  occurs  south  of  well  No.  18,  but  the  slope  rapidly  decreases  both  to 
the  northwest  and  southeast.  As  nearly  as  could  be  ascertained  from 
the  available  data,  the  production  of  the  wells  in  this  group  supports 
the  anticlinal  theory  of  the  accumulation  of  petroleum — that  is,  for 
an  equal  thickness  of  productive  zone  the  wells  near  the  axis  of  the 
anticline  in  the  local  flexure  are  more  productive  than  those  farther 
away  from  it. 

GEOLOGY   OF   THE    WELLS. 

The  wells  start  in  soil,  but  soon  enter  the  clay,  sand,  and  conglom- 
erate layers  of  the  Fernando,  which  is  the  surface  formation  in  this 
part  of  the  field.  The  Fernando  beds  are  penetrated  for  100  to  250 
feet,  varying  with  the  location  of  the  well,  the  wells  on  the  north,  as 
would  be  expected  after  an  examination  of  the  surface  geology,  pass- 
ing through  it  in  the  shortest  distance.  Water  and  quicksand  were 
encountered  in  at  least  two  of  the  wells  in  the  lower  portion  of  the 
Fernando;  in  another,  asphaltum  occurs  at  the  base  of  the  formation. 
From  the  base  of  the  Fernando  to  the  first  oil  zone  the  wells  penetrate 
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blue  and  brown  shales,  largely  the  latter,  interstratifieii  with  hard 
''shell"  layers,  under  some  of  which  are  accumulations  of  gas. 

The  first  oil  zone  is  struck  at  a  depth  of  1,200  to  1,800  feet,  and 
ranges  in  thickness  from  12  to  75  feet,  although  in  some*  of  the  wells 
sands  are  encountered  at  intervals  for  at  least  250  feet  below  the  top 
of  the  first  sand.  The  oil  sand  is  as  a  rule  rather  fine  grained  and  is 
accompanied  both  above  and  below  by  shale  and  rarely  by  shell.  In 
some  of  the  wells  the  oil  zone  appears  to  be  practically  continuous 
sand  for  its  entire  thickness;  in  others,  alternating  sand  and  shale 
layers  furnish  the  oil. 

A  second  oil  zone  occurs  about  1,200  feet  below  the  first,  the  entire 
distance  between  the  two  being  occupied  by  shale,  with  a  few  hard 
''shell"  layers.     Very  little  oil  occurs  at  this  horizon. 

A  third  oil  zone  about  150  feet  thick  is  penetrated  2,100  feet  below 
the  first,  the  formation  between  the  second  and  third  zones  being  prac- 
tically all  shale.  Comparatively  little  oil  was  obtained  from  this  zone 
in  this  part  of  the  field,  although  it  is  thought  to  be  the  same  as  the 
one  which  is  so  productive  in  the  Graciosa  Western  Union  area  only 
half  a  mile  to  the  west.  This  may  be  accounted  for  by  the  general 
synclinal  position  of  the  eastern  group  between  the  Mount  Solomon 
and  hypothetical  Newlove  anticlines. 

PRODUCT. 

The  oil  in  the  first  productive  zone  has  an  average  gravity  of  about 
19°  Baume  and  is  ver^^  dark  colored.  Gas  is  associated  with  the  oil, 
but  no  water  has  so  far  been  reported  from  any  of  the  wells. 

The  production  of  the  wells  in  this  group  ranges  from  5  to  154  bar- 
rels per  day.  The  3aeld  of  some  of  the  wells  is  fairly  constant,  show- 
ing only  a  small  decrease  in  average  daily  output  over  a  considerable 
number  of  months;  in  others,  however,  the  yield  is  fluctuating. 

LOMPOC  FIELD. 
LOCAIION. 

The  (lovoloped  territory  within  the  Lompoc  field,  on  which  the  fol- 
lowing (lisciission  is  based,  lies  on  the  flanks  of  the  Purisima  Hills  be- 
tw(»(Mi  the  (Vbada  Caiivon  and  Santa  Lucia  Canyon  roads.  Within  it 
are  located  the  Logan  well  of  the  Los  Alamos  Oil  and  Development 
(^om|)any;  the  Hill,  Wise  &  Denigan,  and  Eefson  wells  of  the  Union 
Oil  (\)mpany;  and  the  abandoned  wells  of  the  Todos  Santos,  Coast 
Line,  and  Barca  oil  companies. 

STRICTURE. 

The  dominant  structural  feature  of  the  field  is  tlie  main  anticline 
of  the  Purisima  Hills.     From  surface  evidence  the  location  of  the 
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anticline  is  believed  to  be  that  shown  on  the  map  (PI.  I,  in  pocket) ; 
from  the  evidence  offered  by  the  logs  of  the  Hill  and  Logan  wells  the 
axis  of  the  anticline,  so  far  as  it  affects  the  oil-bearing  beds  of  this  part 
of  the  field,  might  better  be  drawn  through  Hill  well  No.  1,  extending 
westward  and  eastward  (swinging  to  the  north  in  both  directions)  to 
the  points  where  the  ^'surface"  anticline  passes  from  the  Fernando 
to  the  Monterey.  In  either  location,  however,  the  anticline  has  a 
steeply  dipping  northern  flank  and  a  low-dipping  and  probably  imdu- 
lating  southern  flank. 

A  fault,  clearly  seen  on  the  east  side  of  Cebada  Canyon  and  traced 
by  deposits  of  asphaltum  over  portions  of  the  rest  of  its  course, 
extends  from  a  point  a  short  distance  east  of  Cebada  Canyon  north- 
westward at  least  as  far  as  the  brea  deposits  near  Wise  &  Denigan 
well  No.  1.  This  is  clearly  a  reverse  fault  in  the  Cebada  Canyon 
region,  supposed  Monterey  diatomaceous  shale  being  thrust  up  on  the 
north  over  Fernando  sandstone  which  lies  south  of  the  line,  the  dip 
of  the  fault  plane  being  about  30°  toward  the  north.  Mr.  Orcutt 
suggests  that  this  fault  probably  causes  the  difference  in  yield  be- 
tween Hill  wells  Nos.  2  and  3.  The  sand  is  struck  about  700  feet 
lower  in  No.  3  than  in  No.  2,  and  is  barren  in  the  former  but  produc- 
tive in  the  latter.  The  dip  in  the  strata  (if  the  anticline  affecting 
the  oil  sands  passes  south  of  well  No.  2)  might  account  for  the  differ- 
ence in  depth  of  the  oil  sand  in  the  two  wells,  but  it  alone  would 
hardly  account  for  the  difference  in  saturation  of  the  sands.  It  is 
quite  possible  that  the  fault  (which  theoretically  emerges  somewhere 
near  Hill  well  No.  4)  passes  downward  at  such  an  angle  as  to  cut  the 
oil  sand  between  Hill  wells  Nos.  2  and  3,  throws  the  sand  down  on  the 
north,  and,  while  acting  as  an  outlet  for  the  oil  in  the  sand  for  some 
distance  on  its  northern  or  upper  side,  effectively  seals  up  the  trun- 
cated end  of  the  same  sand  on  its  southern  or  lower  side.  This 
hypothesis  assumes  a  downthrow  on  the  north,  a  condition  exactly 
opposite  to  that  shown  at  the  surface  in  Cebada  Canyon.  Alternate 
upthrow  and  downthrow  on  the  same  side  of  a  single  fault  occurring 
at  different  times  are  not  unusual  in  the  Coast  Ranges,  so  that  such 
an  explanation  is  not  only  possible  but  probable.  To  conform  to  the 
prevailing  conditions  the  downthrow  must  have  been  on  the  north 
in  pre-Femando  and  on  the  south  in  Fernando  or  post-Fernando 
time. 

The  logs  of  the  Wise  &  Denigan  wells  indicate  a  more  or  less  local 
anticline  in  the  Monterey.  Its  axis  passes  near  well  No.  2  of  this  group, 
and  probably  extends  in  an  east- west  direction  parallel  to  the  major 
lines  of  structure  in  the  hills  immediately  to  the  north.  This  occur- 
rence suggests  the  probable  gentle  folding  of  the  MonU^roy  in  the 
region  south  of  the  Purisima  Hills,  in  a  manner  similar  to  that  which 
takes  place  under  Burton  Mesa  farther  west. 
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GEOLOGY. 
GENERAL  STATEMENT. 

All  the  productive  wells  in  the  Lompoc  field  start  in  the  Fernando 
formation  and  penetrate  its  clays,  sandstones,  and  conglomerates 
for  distances  ranging  from  45  to  800  feet.  The  great  variation  in  the 
thickness  of  the  Fernando  in  adjacent  wells  (the  beds  over  much  of 
the  territory  being  nearly  horizontal,  implies  great  inequalities  in  the 
surface  of  the  underlying  Monterey  shale,  and  this  in  turn  signifies  a 
profound  unconformity  between  the  two  formations.  Water  is 
encountered  in  the  Fernando  at  various  depths  in  the  different  wells. 

From  the  base  of  the  Fernando  to  the  top  of  the  oil  sand  the  wells 
pass  through  shale  (largely  '* brown,"  according  to  the  logs).  Hard 
siliceous  '^ shell"  layers  are  encountered  here  and  there  in  this  shale, 
and  in  one  well  hard  limy  '^shells"  were  struck  at  only  1,180  feet 
from  the  surface.  These  limy  layers  are  abimdant  in  the  formation 
just  above  the  oil  zone,  but  are  not  found  in  most  of  the  wells  above 
this  horizon. 

Oil  and  gas  are  foimd  in  minor  quantities  in  the  shale  at  various 
depths,  from  500  feet  down  in  some  of  the  wells  in  the  northern  part 
of  the  developed  area,  although  such  occurrences  are  not  recorded  for 
the  wells  in  the  southern  part. 

BURNT  SHALE. 

One  of  the  most  interesting  features  of  the  geology  of  the  Monterey 
shale  in  this  area  is  the  evidence  that  combustion  has  taken  place 
within  it  at  certain  points  about  1,000  feet  below  the  surface.  Mr. 
Orcutt,  of  the  Union  Oil  Company,  exhibited  samples  of  red  shale 
coming  from  depths  of  950  and  1,040  feet  below  the  surface  in  Hill 
well  No.  1,  which  are  identical  in  appearance  and  texture  to  the  burnt 
shale  found  so  abundantly  in  the  bituminous  areas  of  the  Monterey 
on  the  north  side  of  the  Santa  Maria  field  and  in  other  fields  through- 
out the  State.  Traces  of  petroleum  were  associated  with  the  upper 
stratum  of  burnt  shale  in  Hill  well  No.  1. 

OIL    ZONES. 

The  principal  productive  oil  zone  in  the  Lompoc  field  is  struck  at 
depths  below  the  surface  ranging  from  about  2,200  to  more  than 
4,100  feet.  In  nearly  all  the  wells  the  productive  strata  are  overlain 
by  a  more  or  less  prominent  series  of  limy  ^^  shell''  layers,  which  appar- 
ently act  as  barriers  to  the  upward  migration  of  the  oil  at  the  present 
time.  The  beds  beneath  these  limy  ^'shells"  are  true  sands  in  most 
places,  although  in  some  of  the  wells  these  sands  are  interstratified 
with  varying  quantities  of  shale  and  limestone  ^* shells."  The  thick- 
ness of  the  oil  zone  varies  from  about  160  to  700  feet,  and  a  productive 
series  of  sands,  shales,  and  ^^shells''  is  said  to  be  penetrated  for  a 
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distance  of  1,100  feet  in  one  well.     Either  water  sand,  dry  oil  sand,  or 
limy  ''shell"  usually  defines  the  base  of  the  productive  zone. 

THE   OIL. 

Two  grades  of  oil  are  struck  in  this  field,  one  a  black  oil  with  a 
gravity  of  18°  to  24°,  the  other  a  brown  to  greenish  oil  of  about  35° 
Baum6.  The  black  oil  is  produced  by  most  of  the  wells,  the 
lighter  variety  coming  only  from  the  Logan  well  of  the  Los  Alamos 
Oil  and  Development  Company  and  the  No.  3  Wise  &  Denigan  well 
of  the  Union  Oil  Company.  The  relations  of  occurrence  of  the  two 
grades  are  not  known.  One  of  the  wells  yields  an  emulsion  of  water 
and  20°  oil,-  which  is  reddish  brown  in  color  as  it  comes  from  the  well. 
This  oil  turns  to  the  usual  black  color  on  separation  of  the  water  by 
settling. 

PRODUCTION. 

The  production  of  the  individual  wells  ranges  from  100  to  1,000 
barrels  per  day,  the  best  producers  averaging  from  300  to  500  barrels. 
One  of  the  wells  which  gave  an  initial  output  of  200  to  300  barrels  at 
first,  suddenly  began  flowing  1,000  barrels  per  day.  This  continued 
for  .a  few  days  and  then  gradually  fell  off  to  300  barrels,  which  it  is 
still  yielding.  It  is  said  that  the  wells,  as  a  rule,  are  exceptionally 
steady  producers,  falling  off  but  little  in  the  two  years  since  the  field 
was  first  opened.  Very  few  of  the  wells  have  been  tried  to  their  full 
capacity,  so  that  it  is  probable  that  yields  greater  than  those  men- 
tioned will  be  recorded  when  the  field  is  fully  tested. 

ARROYO  GRANDE  FIELD. 
LOCATION. 

Drilling  has  recently  shown  that  at  least  certain  portions  of  the 
region  north  and  northwest  of  Arroyo  Grande,  in  the  Sari  Luis  quad- 
rangle, San  Luis  Obispo  County,  a  short  distance  north  of  the  area 
shown  on  PI.  I,  are  underlain  by  productive  oil  formations.  The 
successful  wells  belong  to  the  Tiber  Oil  Company,  and  are  located  on 
the  west  side  of  Price  Canyon  about  3  miles  northeast  of  Pismo  and 
7  miles  slightly  east  of  south  of  San  Luis  Obispo.  Although  outside 
of  the  immediate  area  covered  by  this  report  the  occurrence  is  so 
important  in  showing  an  extension  of  the  Santa  Maria  district  toward 
the  northwest  as  to  merit  mention  here. 

GEOLOGY. 

The  geology  of  the  San  Luis  quadrangle  has  been  mapped  and 
described  by  H.  W.  Fairbanks  in  the  San  Luis  folio.^    According  to 

^Copies  of  this  folio,  which  is  No.  101  in  the  series  making  up  the  Geologic  Atlas  of  the  United  States, 
should  be  in  the  hands  of  every  oil  man  or  other  person  interested  in  the  natural  resources  of  this  region; 
it  may  be  obtained  for  25  cents  from  the  Director  of  the  United  States  Geological  Survey,  Washington, 
D.C. 
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this  work  nearly  all  of  the  territory  of  the  hills  between  San  Luis 
Obispo  Creek  and  the  Arroyo  Grande  Valley,  with  the  exception  of 
a  rather  small  area  of  Monterey  volcanic  ash,  shale,  and  diatoma- 
ceous  earth  north  of  Pisnio,  is  covered  by  the  Pismo  formation. 
This  formation  is  composed  of  sandstone,  some  of  which  is  asphaltic, 
and  cherty  diatomaceous  beds,  and  is  the  equivalent  of  the  lower 
part  of  the  Fernando  formation  as  described  for  the  hills  adjacent  to 
the  south  side  of  the  Santa  Maria  Valley.  The  Pismo  is  unconform- 
ably  underlain  by  the  Monterey  shale,  which  outcrops  on  either  side 
of  it. 

STRUCTURE. 

According  to  Fairbanks,  the  Pismo  area  forms  a  low  syncline, 
striking  northwest  and  southeast,  its  flanks  resting  against  the  up- 
turned Monterey. 

OCCURRENCE  OF  THE  OIL. 

The  oil  is  derived  from  a  great  thickness  of  productive  sands  which 
probably  represent  the  base  of  the  Pismo  and  which  rest  upon  the 
upturned  and  more  or  less  contorted  shale  of  the  Monterey.  Its 
occurrence  in  beds  occupying  a  synclinal  position  is  worthy  of  note, 
as  ordinarily  synclines  are  not  highly  productive.  The  Monterey  is 
the  oil-bearing  formation  in  the  Santa  Maria  district,  and  it  is  the 
ultimate  source  of  the  oil  in  this  field  also.  The  migration  of  the  oil 
probably  took  place  along  joint  cracks  in  the  shale,  as  was  the  case 
with  the  asphaltum  in  the  Santa  Maria  and  other  fields.  The  oil,  on 
reaching  the  upper  limit  of  the  shale  passed  across  the  plane  of  uncon- 
formity and  accumulated  beneath  an  impervious  shale  in  the  porous 
sands  at  the  base  of  the  Pismo.  Where  this  porous  layer  approaches 
the  surface  the  more  volatile  parts  of  the  oil  have  escaped  and  there 
remains  nothing  but  the  bitumen,  wliile  the  more  deeply  covered 
sands  retain  the  oil  in  its  lighter  and  liquid  state.  The  migration  of 
the  oil,  as  in  every  similar  case  coming  under  the  notice  of  the  writers, 
has  been  accompanied  l)y  a  loss  of  its  volatile  constituents  and  a  con- 
sequent lowering  of  the  gravity.  This  is  evidenced  by  the  fact  that 
although  the  gravity  of  the  oil  from  the  Monterey  fonnation  in  the 
Santa  Maria  field  averages  about  25°,  that  from  the  Pismo  in  the 
Arrovo  Grande  field  is  only  14°. 

CONCLUSIONS  KEGARDINCJ  FUTURE  DEVELOPMENT. 

It  seems  almost  certain  that  considerable  portions  of  the  Pismo 
formation  toward  the  middle  of  the  area  northwest  and  north  of 
Arroyo  Grande  will  be  found  to  be  oil  producing.  This  conclusion  is 
based  on  the  assumption  that  the  Pismo  of  this  region  is  underlain 


OIL   OF   THE   SANTA   MABIA   DISTRICT.  109 

by  the  oil-yielding  Monterey.  The  surface  evidence  of  such  a  condi- 
tion is  most  conclusive.  What  effect  local  flexures  either  in  the  Mon- 
terey below  the  Pismo  or  in  the  Pismo  itself  will  have  on  the  produc- 
tion, only  drilling  will  determine.  According  to  Fairbanks's  interpre- 
tation of  the  structure  of  the  area,  the  depth  at  wJiich  the  oil  will  be 
struck  ought  to  decrease  from  the  middle  of  the  area  toward  both 
the  northeast  and  southwest.  The  only  well  fully  tested  in  the  region 
yields  500  barrels  of  14°  oil  per  day,  so  that  the  prospects  for  the  de- 
velopment of  a  good  field  are  unusually  bright. 

As  the  Monterey  shale  underlying  the  Pismo  of  the  Arroyo  Grande 
field  is  continuous  with  the  Monterey  mapped  in  the  Lompoc  quad- 
rangle northeast  of  the  Santa  Maria  Valley,  it  is  reasonable  to  suppose 
that  there  are  considerable  portions  of  this  great  belt  of  Monterey 
that  will  prove  productive.  The  local  structure  is  usually  the  deter- 
mining factor  in  the  accumulation  of  the  petroleum,  so  that  a  thor- 
ough knowledge  of  this  Is  essential  to  economical  test  drilUng. 

HUASNA  FIELD. 

The  Huasna  field  lies  east  of  the  Arroyo  Grande  field  and  north  of 
the  Lompoc  quadrangle.  Prospect  drilling  is  now  going  on  in  this 
region,  but  with  what  results  the  writers  are  not  able  to  say.  During 
a  very  hasty  trip  through  this  region  in  the  summer  of  1905  the  senior 
writer  noted  great  areas  of  Monterey  shale,  with  some  interbedded 
coarse  granitic  sandstones,  in  many  places  of  considerable  thick- 
ness. Such  conditions  are  ideal  for  the  accumulation  of  petroleum 
if  the  beds  are  not  too  sharply  folded.  This  Monterey  area  is  prob- 
ably the  continuation  of  that  exposed  in  the  northeastern  part  of  the 
Lompoc  quadrangle,  and  may  connect  the  latter  with  the  Monterey 
area  east  of  Arroyo  Grande  and  also  with  that  covering  the  summit 
of  the  Santa  Lucia  Range  a  few  miles  east  of  San  liuis  Obispo.  It  is 
to  be  regretted  that  no  maps  adequate  for  showing  the  structure  of 
the  formations  in  the  region  east  of  the  San  Luis  quadrangle  and 
north  of  the  Lompoc  quadrangle  are  available.  Without  these  it 
will  be  impossible  to  do  for  this  region  such  detailed  geologic  and 
structural  mapping  as  has  already  been  done  for  the  two  quadrangles 
mentioned. 

OILi  OF  THE  SANTA  MARIA  DISTRICT. 

ORIGIN. 

There  is  no  doubt  that  the  petroleum  in  the  Santa  Maria  dis- 
trict is  indigenous  to  the  Monterey  shale.  Bitumen  is  a  character- 
istic part  of  that  formation  throughout  its  wide  extent  over  an  area 
covering  hundreds  of  square  miles,  and  there  is  no  other  formation 
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but  the  Eocene  shales  in  which  it  is  characteristic,  or  in  which 
it  occurs  in  appreciable  quantity  except  locally,  although  there  are 
numerous  formations  which  would  be  capable  of  storing  oil  if  any 
had  originated  in  them.  Moreover,  the  bituminous  Monterey  shale 
of  the  Coast  Ranges  does  not  occur  consistently  above  or  below 
any  one  formation  from  which  the  oil  could  have  been  derived.  It 
lies  unconformably  upon  ancient  metamorphic  rocks;  granite  and 
other  igneous  rocks;  Jurassic,  Cretaceous,  or  early  Tertiary  sedi- 
ments; or  conformably  over  lower  Miocene  beds,  according  to  local 
conditions;  and  it  is  either  not  covered  by  later  deposits  or  is  buried 
by  sediments  of  various  ages,  in  different  places. 

The  decision  is  therefore  unavoidable  that  some  ingredients  of  the 
Monterey  shale  gave  rise  to  the  oil,  and  the  question  arises  what  these 
were.  The  organic  composition  of  the  strata  making  up  this  forma- 
tion is  discussed  on  pages  38-43,  where  a  number  of  animal  and 
plant  forms  that  may  have  contributed  to  the  oil  are  enumerated. 
The  writers  are  strongly  of  the  belief  that  the  petroleum  was  derived 
largely  from  the  minute  organisms,  especially  the  plant  organisms 
(diatoms),  which  are  present  in  such  abundance  in  these  shales.  The 
chemists  Peckham  and  Clarke  believe  that  the  nitrogen  present  in 
the  California  oil  proves  its  origin  from  animal  substance..  But  it  is 
not  necessary  to  consider  that  this  petroleum  originated  entirely 
from  either  animal  or  vegetable  matter;  it  is  more  probably  the 
product  of  remains  of  both  kinds  combined,  much  of  the  nitrogenous 
material  being  furnished  by  animal  tissue. 

Other  small  organisms  of  a  low  order  present  in  the  Monterey  shale 
besides  the  diatoms  are  Foraminifera  and  Radiolaria,  both  orders  of 
marine  animals.  They  became  embedded  in  the  mass  of  the  organic 
and  adventitious  silt  material  of  the  deposit  at  the  sea  bottom,  and 
their  bodies  ^vere  thus  preserved  with  the  hard  parts  and  may  have 
become  a  source  of  hydrocarbons  and  nitrogen  for  the  petroleum. 
The  fact  that  the  limestone  and  calcareous  shale  of  the  Monterey  are 
usually  very  bituminous  suggests  the  conclusion  that  the  Foraminif- 
era were  great  oil  formers,  inasnmch  as  these  rocks  are  thought  to  be 
made  u])  largely  of  foraminiferal  remains,  although  of  course  the 
calcareous  strata  may  owe  their  petroliferous  character  to  their 
porosity.  In  many  places  the  body  of  the  limestone  is  full  of  minute 
specks  of  oil  contained  in  cavities  about  the  size  of  the  interior  of 
foraminiferal  skeletons,  and  these  specks  give  the  impression  that  the 
oil  is  not  far  from  its  point  of  origin.  Albert  Mann,  of  the  United 
States  Department  of  Agriculture,  makes  the  suggestion  that  possibly 
Foraminifera  originally  made  up  a  greater  part  of  the  shales  than 
now  appears  and  that  their  easily  destroyed  calcareous  tests  were 
leached  out,  the  soft  parts  adding  their  quota  to  the  total  amount  of 
petroleum  formed  and  owing  to  their  animal  character  helping  to 
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cause  the  relatively  high  percentage  of  nitrogen  found  in  the  Califor- 
nia oils. 

Fish  skeletons  are  sometimes  found  in  the  shale,  and  flat  impres- 
sions, large  and  small,  that  appear  to  be  the  scales  of  fish  are  abun- 
dant and  very  characteristic  of  certain  portions  of  this  formation, 
seeming  to  show  that  fish  remains  were  in  sufficient  abundance  to 
add  at  least  something  to  the  oil  and  to  supply  a  portion  of  the  nitro- 
gen. On  the  other  hand,  these  fossilized  parts  may  have  been  origi- 
nally separated  from  the  tissue  before  they  dropped  to  the  ocean 
bottom  or  before  being  buried  in  the  deposit,  as  by  far  the  greater 
number  of  fish  are  believed  to  die  violent  deaths  and  to  serve  as  food 
for  larger  fish  or  other  animals. 

Other  animal  organisms  which  were  present  and  which  may  have 
contributed  hydrocarbons  and  nitrogen  were  sponges,  mollusks,  and 
crustaceans — such  as  crabs  and  possibly  ostracods.  The  impres- 
sions of  seaweed  occur  in  the  shale  but  sparingly,  probably  because 
plants  of  this  kind  are  restricted  in  habitat  to  shallower  water  than 
that  in  which  it  is  believed  the  greater  part  of  the  Monterey  was  laid 
down,  so  that  it  is  not  probable  that  these  plants  have  been  large 
contributors  to  the  material  of  the  oil. 

It  is  certain  that  there  was  a  sufficiency  of  organic  material  in- 
cluded with  the  Monterey  deposits  to  give  rise  to  a  vast  quantity  of 
petroleum,  as  is  proved  by  a  rough  estimate  based  on  low  calcula- 
tions of  the  amount  of  such  material  present.  If  the  area  covered 
by  the  Monterey  formation  in  the  Santa  Maria  district,  including 
territory  surely  covered  by  it  whether  the  formation  now  outcrops 
there  or  not,  be  taken  as  800  square  miles  and  the  thickness  of  the 
formation  as  half  a  mile,  the  total  volume  of  the  deposit  would  be 
400  cubic  miles.  These  figures  are  low,  especially  in  view  of  the  fact 
that  the  average  thickness  and  the  areal  extent  of  the  formation  were 
much  greater  when  the  oil  began  to  be  accumulated  than  at  present. 
If  we  regard  for  the  moment  the  diatoms  alone  to  be  the  source  of 
the  oil,  and  only  1  per  cent  of  the  formation  to  be  made  up  of  these 
organisms,  there  would  be  4  cubic  miles  of  diatoms;  and  if  we  sup- 
pose further,  simply  as  a  rough  guess,  that  these  forms  gave  rise  to 
an  amount  of  petroleum  equaling  1  per  cent  of  their  volume,  we 
would  have  1,000,000,000  barrels  of  oil  as  the  amount  distilled 
within  the  Monterey  in  this  district,  or  more  than  thirty-three  times 
the  total  production  of  oil  in  California  for  1904,  or  eight  times  the 
production  in  the  United  States  for  the  same  year.  According  to 
Albert  Mann,  who  has  recently  made  an  extensive  study  of  diatoms, 
these  plants  when  living  secrete  algal  wax  or  oil  in  amounts  varying 
from  0.75  per  cent  to  as  much  as  4  per  cent  of  their  total  volume. 
The  amount  of  petroleum  that  might  be  derived  from  the  diatoms 
is  entirely  xmknown;  but  if  the  figure  assumed  hypothetically  as 
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being  1  per  cent  is  too  liberal,  it  would  seem  that  the  low  estimates 
of  the  amount  of  diatomaceous  material  present  and  the  complete 
ignoring  of  the  other  important  organic  sources  for  oil  in  the  shale, 
would  still  cause  the  estimate  to  be  conservative. 

In  considering  the  question,  What  kind  of  organic  material  has  a 
character  most  favorable  for  producing  oil  ?  the  relative  rate  of  putre- 
faction is  important.  Plants  have  the  advantage  in  respect  to  their 
slower  rate  of  decomposition.  David  White  inclines  to  the  view  that 
plants  are  more  favorable  to  the  production  of  oil,  largely  for  this 
reason.  He  says  that  putrefaction,  which  is  largely  a  bacterial 
process,  goes  on  more  rapidly  in  animal  tissue,  while  vegetable  mate- 
rial has  a  tendency  to  turn  into  hydrocarbons.  The  slow  decompo- 
sition of  the  protoplasm  contents  of  the  diatom  frustule  is  especially 
significant.  F.  J.  Keeley,  of  the  Philadelphia  Academy  of  Natural 
Sciences,  says  as  follows  in  a  letter: 

The  only  point  I  can  think  of  that  might  have  any  bearing  on  the  question  of  the 
relation  of  diatoms  to  petroleum  is  the  fact  that  the  organic  matter  of  diatoms  does  not 
appear  to  decompose  and  become  dissipated  quickly  after  death,  as  is  the  case  with 
most  low  organisms.  It  is  well  known  that  diatoms  kept  in  water  will  show  the 
shrunken  contents  for  years,  and  Ehrenberg  noted  the  presence  of  such  organic  con- 
tents in  old  fossil  diatoms  from  Hanover,  while  J.  Brun  reiwrts  a  similar  observation 
in  a  fossil  deposit  from  Holland. 

It  is  worthy  of  note  that  many  of  the  round  white  diatom  tests  of 
the  soft  Monterey  shale  contain  minute  specks  of  black  that  appear 
like  bituminous  material  derived  in  situ  from  the  diatom.  These 
specks,  however,  are  present  in  but  a  small  proportion  of  the  tests 
and  there  is  no  proof  that  the  black  substance  has  not  come  from 
infiltration  and  deposition  in  the  slight  hollow  of  the  shell.  Thin 
sections  of  the  shale  reveal  small  black  filaments  that  appear  to  be 
carbonaceous  material. 

It  is  probable  that  the  ooze  at  the  sea  bottom  in  Monterey  time 
was  being  deposited  very  rapidly.  The  idea  of  rapid  accumulation 
of  the  deposits  of  diatoms,  aided  by  the  accession  of  organic  and 
detrital  material  of  other  kinds,  is  quite  in  keeping  with  the  well- 
known  faculty  of  these  organisms  for  quick  and  abundant  reproduc- 
tion; and  it  is  not  only  in  keeping  with  but  an  essential  corollary  of 
the  fact  that  deposits  of  such  vast  thickness  were  formed  during 
middle  Miocene  time.  This  rapid  accumulation  created  further 
favorable  conditions  for  the  production  of  oil,  inasmuch  as  the  organic 
substance  that  reached  the  sea  floor  became  quickly  buried  without 
sufficient  time  intervening  for  decomposition  to  go  very  far.  Thus 
the  contents  of  the  diatom  frustules  and  all  the  other  plant  and 
animal  remains  became  included  in  the  body  of  the  deposit. 

The  alkalinity  of  the  shale  may  have  been  another  favoring  factor. 
As  the  deposits  grew,  salts  of  the  sea  water  were  probably  included 
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in  the  porous  mass  and  they  may  have  acted  as  preservatives  of  the 
organils  to  some  extent. 

As  regards  the  age  of  the  oil,  it  is  stated  by  F.  W.  Clarke  *  that  the 
process  of  formation  of  the  oil  from  organic  sources  may  not  be  slow, 
but,  on  the  other  hand,  comparatively  rapid.  It  is  usually  thought, 
however,  that  the  process  of  distillation  is  slow  and  is  continued 
during  a  long  time.  The  petroleum  Ln  the  Monterey  may  have  been 
formed  immediately  after  the  deposit  was  laid  down,  or  the  pro- 
duction of  it  may  be  still  in  progress.  There  is  evidence,  however, 
in  the  presence  of  burnt  shale  in  a  Pleistocene  deposit  (see  p.  52), 
in  the  old  and  eroded  deposits  of  asphalt,  and  in  the  presence  in  cer- 
tain asphalt  deposits  of  the  bones  of  extinct  Pleistocene  mammals ''. 
which  were  caught  in  tar  springs  in  Pleistocene  time,  that  much  of 
the  oil  at  least  was  formed  in  the  Monterey  and  disseminated  to  the 
surface  a  long  time  ago.  The  accumulation  and  dissemination  of  the 
oil  has  probably  gone  on  continuously  ever  since  its  first  formation, 
the  two  processes  taking  place  simultaneously.  There  may  be  por- 
tions of  the  formation  from  which  the  hydrocarbon  content  has  not 
yet  been  extracted  in  the  form  of  oil,  whereas  other  portions  may 
no  longer  contain  any  of  the  oil  in  its  original  disseminated  condi- 
tion. The  metamorphism  that  gave  rise  to  the  harder  shales  may 
have  had  the  effect  of  driving  out  the  oil  more  completely  than  it 
has  been  separated  from  the  softer  shale,  and  thus  aided  its  accumu- 
lation, although  this  is  conjectural. 

The  general  conclusion  is  that  in  the  Santa  Maria  district  the 
organic  material  in  the  Monterey  shale  that  may  have  acted  as  the 
source  of  the  oil  was  without  a  doubt  adequate  in  amount  for  the 
production  of  the  vast  quantity  of  petroleum  now  present,  and  that 
the  forms  included  in  greatest  abundance,  the  diatoms,  were  the 
chief  source,  although  animals  and  perhaps  other  plants  also  con- 
tributed lai^ely. 

PHYSICAL   PROPERTIES. 
GENERAL    STATEMENT. 

The  Santa  Maria  district  yields  four  distinct  o:rades  of  petroleum,  in 
addition  to  the  heavy  oil  which  flows  from  springs  or  collects  as 
asphalt  deposits.  These  petroleums  vary  widely  in  their  physical 
and  chemical  properties  and  as  a  consequence  are  utilized  in  many 
different  ways,  the  lighter  oils  usually  for  refining,  the  heavier  for 
fuel,  road  dressing,  etc. 

The  oil  as  it  comes  from  the  wells  contains  varying  quantities  of 
gas,  often  amounting  to  a  considerable  percentage.     The  two  prod- 

«  The  data  of  geochemistry  (in  preparation  for  publication  by  the  United  States  Geologic^il  Survey). 
h  BaU.  U.  S.  OeoL  Survey  No.  309, 1907,  pp.  154-155. 
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ucts  are  usually  separated  at  the  wells,  the  gas  being  utilized  for 
heat  or  directly  for  power  and  the  oil  being  run  into  tanks.  This 
tank  oil  still  contains  gas,  most  of  which,  however,  gradually  passes 
off  on  exposure  to  the  air,  with  a  consequent  lowering  of  the  gravity  of 
the  oil.  Before  transportation  by  steamer  it  is  necessary  to  pass 
the  oil  through  a  partial  refining  process  for  the  removal  of  the 
lighter,  volatile,  more  dangerous  constituents;  this  is  done  at  present 
in  the  refineries  at  Port  Harford  and  Gaviota. 

COLOR  AND  ODOR. 

Nearly  all  of  the  oil  in  the  Santa  Maria  district  is  dark  brown  in 
color.  The  exceptions  are  the  black  oil  from  the  Arroyo  Grande 
field,  the  reddish  emulsion  from  one  of  the  wells  in  the  Hartnell- 
Brookshire  area,  and  the  brown  to  greenish  oil  found  in  certain  of 
the  wells  in  the  Lompoc  field.  The  heavier  oil  is  the  darker;  the 
lighter  grades  show  the  greenish  hues.  The  darkest  oil  in  the  Santa 
Maria  field  proper  is  the  19°  petroleum  from  the  wells  in  the  eastern 
Western  Union  group.  Some  very  dark  oil  is  also  said  to  come 
from  the  Lompoc  field. 

The  heavy  oil  gives  off  an  aroma  not  unlike  some  grades  of  lubricat- 
ing oil,  and,  doubtless  owing  to  the  absence  of  hydrogen  sulphide  in 
solution,  has  little  of  the  disagreeable  odor  common  to  that  from 
some  of  the  other  California  districts.  In  this  district  the  lighter  the 
oil,  as  a  rule,  the  sharper  and  less  agreeable  is  its  odor. 

GRAVITY. 

The  gravity  of  the  oil  ranges  from  14°  to  about  35°  Baum6.  The 
heaviest  oil  (14°)  comes  from  the  Arroyo  Grande  field;  18°  to  24°  oil 
from  the  Lompoc  field;  19°  oil  from  the  eastern  group  of  Western 
Union  wells;  24°  to  29°  oil  from  the  Santa  Maria  field;  and  35°  oil 
from  the  Los  Alamos  Oil  and  Development  Company's  well  and  one 
of  the  Wise  &  Denigan  wells.  The  average  gravity  of  the  oil  from 
the  Santa  Maria  field  proper  is  between  26°  and  27°,  thus  putting  it 
well  into  the  class  of  valuable  refinable  petroleums. 

VISCOSITY. 

The  relative  viscosity  of  several  of  the  oils  from  the  Santa  Maria 
district,  together  with  similar  data  for  other  California  oils,  is  shown 
in  the  table  on  page  116. 

CHEMICAL  PROPERTIES. 

Few  data  concerning  the  chemical  properties  of  the  oil  from  the 
Santa  Maria  district  are  at  present  available  for  publication  except 
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those  found  in  Bulletins  Nos.  31  and  32  of  the  California  State  Min- 
ing Bureau.  The  analyses  of  Santa  Maria  oil  contained  in  these 
bulletins  were  made  by  H.  N.  Cooper,  and,  together  with  those  of 
oils  from  some  of  the  other  California  districts,  are  copied  in  the 
table  below. 

The  only  definite  information  concerning  the  ultimate  composi- 
tion  of  the  oil  is  contained  in  a  table  by  P.  W.  Prutzman**  showing 
the  incidental  constituents  of  California  crude  oil.  This  author 
states  that  a  Santa  Maria  oil  of  17°  (probably  from  the  eastern  group 
of  Western  Union  wells)  contained  0.43  per  cent  of  nitrogen,  no  sul- 
phur, and  8.37  per  cent  of  asphaltene.  The  freedom  of  the  Santa 
Maria  oil  from  sulphur  is  one  of  its  chief  and  valuable  characteristics. 

The  following  table  ^  contains  analyses  of  four  oils  from  the  Santa 
Maria  district,  accompanied  by  analyses  of  twelve  other  California 
oils  for  purposes  of  comparison.  The  oil  of  analysis  No.  3  in  the 
table  is  the  most  characteristic  of  the  average  product  of  the  Santa 
Maria  field. 

Following  the  table  are  distillation  tests. 

Chemical  analyses  of  California  petroleum. 
[By  H.  N.  Cooper,  chemist.    Samples  collected  by  Marion  Aubury,  field  assistant.] 


• 

"S 

1 

o 

• 

o 

5z: 

Name  of  company. 

County. 

District. 

Gravity. 

Specific 
gravity 
of  crude 
at  150  C. 
(about 
60°  F.). 

1 

Western  Union  Oil  Co 

Santa  Barbara  . . . 
do 

Western  Union . . 
Carreaga 

20 
34.  G 
27.6 
10.2 
14.9 
13 

1«.5 
18.5 
20.7 
23 

27.3 
28.9 
31.3 
34.1 
3.').1 
37.3 
t 

0.9337 

? 

do 

.8506 

3 

Pinal  Oil  Co 

do 

.8882 

4 

Union  Oil  Co.  of  California 

do 

Lompoc 

.9574 

5 

Sea  Cliff  Oil  Co 

do 

Sununorland 

Kern  River  field.. 

Middle  field 

McKittriclt 

Wliittier 

.9665 

0 

King  Rpfininpr  C.n 

Kern 

.9792 

7 

I.  W.  ShirleyT 

Los  Angeles 

Kern 

.9559 

8 

Southern  Pacific  Oil  Co 

.9425 

9 

Home  Oil  Co 

Los  Angeles 

Orange 

.9291 

10 

Brea  Canyon  Oil  Co 

Fulierton 

.9147 

11 

Los  Angeles  Pacific  Rwy.  Co 

Ventura 

Santa  Paula 

Adams  Canyon... 
Coalinga 

.8900 

12 

Union  Oil  Co.  of  California 

do 

.8814 

13 

California  Oilfields  (LimiUxl) 

Fresno 

do 

.8680 

14 

Home  Oil  Co 

do 

.8530 

15 
10 

Los  Angeies  Pacific  Rwy.  Co 

Pacific  Coast  Oil  Co 

Ventura 

Los  Angeles 

Timl)er  Canyon... 
Pico  Canyon 

.84S1 
.  KH\7 

a  Bull.  California  State  Mining  Bureau  No.  32,  1904,  p.  224. 

'6  For  a  detailed  description  of  the  methods  used  in  obtaining  tiie  data  recorded  in  this  tu'ole  tlie 
reader  is  referred  to  Bull.  California  State  Mining  Bureau  N'>.  31,  p.  I;  idem,  No.  32,  1<K)4,  table  (  pp. 
p.  230;  or  to  Bull.  U.  S.  Oeol.  Survey  No  309,  1907,  pp.  '2a')-208. 
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Chemical  analyses  of  California  petroleum— Cantmued. 


CD 

cn 


o 
d 

:^ 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 


• 
OD 

Flash. 

Viscosity- 

Sulphur. 

Calorific 
value  of 

dry 
samples.a 

Calorific 
values 
per 
cubic 
centi- 
meter. 

>» 

At  15«C.  (about  60°  F.). 

At  85°  C. 

(185°  F.). 

^4 

o. 

• 

o 

Seconds. 

Seconds 

divided  by 

275  or  water  =1. 

Seconds. 

Seconds 

divided 

by27ior 

water  =1. 

1 

2 
3 
4 
5 
6 

o 

Below  15 

15 

Below  15 

21 

Above  70 

Above  70 

Above  70 

32 

26 

Below  15 

Below  15 

Below  15 

Below  15 

Below  15 

Below  15 

Below  15 

1,060 
47f 
90 
Over  1,800 
Over  1,800 
Over  1,800 
Over  1,800 
1,100 
393 
264 
611 
162} 
56 
28i 

38} 

38.40 

1.72 

3.27 

Over  65. 00 

Over  65. 00 

Over  65. 00 

Over  65. 00 

39.85 

14.24 

9.56 

2.23 

6.91 

2.03 

1.03 

1.66 

1.40 

77i 

371 

227 

108 

410 

78 

54 

43 

37 

m 

25j 
29| 

2.81 
1.07 
1.36 
8.23 
3.91 
14.86 
2.83 
1.96 
1.56 
1.60 
1.24 
1.34 
1.18 
.99 
1.13 
1.07 

Per  cent. 
2.08 

.60 
1.56 
4.43 

.44 

10.369 
10.825 
10,543 
10,258 
10,348 

9,9«r 
9,203 
9,364 
9,822 
10,001 

7 
8 
9 

.85 

.77 

10,437 
10,402 

9,976 
9,804 

10 
11 

.94 

10,581 

9,678 

12 
13 
14 
15 

.48 
.38 
.06 

10,647 
10.739 
10,608 

9,384 
9,321 
9,040 

16 

.28 

11, 141 

9,322 

• 
00 

Distillation. 

Percentage. 

3 

• 

Water. 

Up  to 
100°  c. 

100°-150° 
C. 

150°-200° 
C. 

200°-250° 
C. 

250°-300° 
C. 

300°  C.  to 
asphalt. 

As- 
phalt. 

Loss  or 
gain. 

o 
5? 

A. 

B. 

1 

None. 
None. 
None. 

7 

.7 
None. 

.8 
None. 
None. 
None. 
None. 
None. 
None. 
None. 
None. . 
None. 

0.9 

8.6 

8.2 

1.3 

0 

0 

0 

0 

0 

4.2 

9.3 

4 
10.4 

5.5 
15.3 
10.  5 

6 
16 
17.7 

3.9 

0 

0 

0 

4.2 

4.2 
13.9 
16.5 
14.1 
13.8 
30.6 
15 
20.4 

10.5 

12 

12.1 

5.5 
.1 

0 

0 

8.9 

9.6 

8.9 
11.8 

9.1 
10.5 
21.5 

9.5 
13.8 

9.3 
13.4 
9.4 
7.7 
10 
0 

7.6 

8.7 

14 

9.7 

7.7 

9.3 

10.3 

25.4 

-  9.9 

13 

11 
10.8 

9.1 
18.3 
17.4 
22.5 
13.9 
20.2 
14.7 
'    18.3 

9.1 
10.1 
17.5 

8.1 

9.9 
11.1 

39.5 
23 
29.7 
34.3 
45.5 
37.5 
40 
27.5 
23 
24.2 
31.8 
43 

20.8 
5 
-     28 
16.9 

22 

8 

12 

20.6 

23.5 

31.1 

21.8 

22.5 

15.7 

13.3 

13 

9.8 

9.1 

4.1 

10.6 

6.8 

—0.8 

2 
3 

7.4 

-  .8 
-1.8 

4 

-1.4 

5 

-1.9 

6 
7 
8 
9 
10 
11 

6.9 
14.5 

7.5 
16.8 

5 

-2 
-1.4 

-  .5 
-2 
-2.5 

-  .8 

12 

-  .6 

13 
14 

7.3 

-  .3 

+  .2 

15 

-1.8 

16 

6.8 

-  .7 

Distillation. 


Gravity  of  precoding  fractions  at  15°  C.  (about  60°  F.). 


Up  to  100°  r. 


0.71S5 
.  7123 


100°-ir)0°( 


0. 7596 
.708,"i 
.7017 
.  7737 


.7252 
.7228 
.7250 
.6900 
.  7395 
.7002 
.7472 


.7700 
.  7750 
.7701 
.7724 
.7730 
.7630 
.8074 
.7a'J9 
.7659 


1.50°-200°(\ 


0.8aS7 
.8028 
.8132 
.7900 


8235 

8313 

,8172 

,8202 

,8111 

8041 

8390 

8015 

8040 


200°-250°C.       2.50°-300°C. 


:«)0°  C.  to  asphalt. 


0.85.38 
.8354 

.8583 
.8310 
.8516 


.8(^)25 
.8427 
.8()72 
.8597 
.8613 
.8388 
.8382 
.8919 
.8321 
.8359 


0. 8875 
.  8574 
.8899 
.8()13 
.8840 
.8901 
.8849 
.8976 
.8991 
.8937 
.8901 
.8547 
.8774 
.9227 
.  8024 
.8000 


I. 

B. 

0.9167 

.8788 
.9085 

0.8S22 

-.8992 

.9347 

.8997 
.9021 
.8982 
.9210 
.«)55 
.9154 

.8938 
.9063 
.8986 
.9166 
.9062 

.8778 

.  8800 
.9374 

.9062 

8875 
8S70 


8720 


o  To  convert  r-aluries  into  British  thermal  units,  multiply  by  1.8. 
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Proximate  analysis  oj  a  Santa  Maria  oi7.a 
[Gravity,  16.9°  Baum^.] 


DISTILLATION. 

Below  ISO"  C 

150°  to  270°  C 

Above  270°  C 

Asphalt,  grade  D 

Ix)es 

CALCULATED  ANALYSIS. 

Total  gasoline 

Kerosene 

Middlings  and  lubricants 

Asphalt,  by  volume  & 

Loss 


Percent. 

Gravity 
(°B.). 

1.0 

24.0 
31.1 

39.5 

41.9 

2.0 

2.7 
16.8 
36.6 

55 
41 

41.9 

2.0 

a  Prutzman,  P.  W.,  Bull.  California  State  Mining  Bureau,  No.  32, 1904,  Table  25. 
t>  By  weight  (154  pounds  per  barrel) ,  46.2  per  cent. 


The  following  analyses  of  oils  from  the  Santa  Maria  district  have 
been  kindly  furnished  by  Prof.  Edmond  O'Neill,  of  the  University  of 
California,  who  writes  concerning  them  as  follows: 

1  do  not  know  the  exact  locations  of  the  wells  from  which  these  oils  were  derived, 
but  they  are  from  the  first  wells  opened  in  the  Santa  Maria  property  [probably  the 
Hartnell  or  the  Santa  Maria  Oil  and  Gas  Company  lease].  There  is  very  little  differ- 
ence in  the  character  of  oils  from  all  this  district,  except  in  the  proportion  of  light 
constituents  and  the  corresponding  percentage  of  sulphur.  Most  of  these  oils  contain 
water,  which  seems  to  be  either  in  a  state  of  fine  emulsion,  or  possibly  in  some  feeble 
form  of  hydration — that  is,  frequently  the  water  will  not  settle  out  on  standing,  even 
by  centrifugalizing — ^nor  will  it  all  be  driven  off  at  a  temperature  of  100°  Centigrade; 
but  at  a  somewhat  higher  temperature  it  seems  to  be  given  off  almost  with  explosive 
violence. 

Analyses  and  tests  of  six  samples  of  oil  from  wells  near  Santa  Maria. 

[Made  by  E<lmond  O'Neill.] 
ANALYSES. 


No.  3. 


No.  5. 


Gravity  at  15.6°  C.  (=60°  F.) 0.891 

Gravity  in  degrees  Bauni6 27.800 

Flash  point,  open  tester ('«) 

FlaHh  point,  ciofied  tester («)                       (a) 

Burning  point,  open  tester 23° C.-73. 4°  F.  22° i\  -71. G°  F. 

Gasoline  precipitate  (asphaltine,  etc. ) per  cent. .  0. 6     |                0. 3 

Sulphur do 1.57                      1.59 

Calorific  value calories..  10.260  i                10,363 

Calorific  value B.T.U..  18,468  [               18,653 


No.  6. 


Gravity  at  15.5P  0.  (^GOPF.) 0.897 

Gravity  in  degrees  Baumd 26.800 

Flash  point,  open  tester (a) 

Flash  point,  cloeed  tester ,  (n) 

Burning  point,  open  tester !  21°  C.  -68°  F. 

Gasoline  precipitate  (asphaltine,  etc. ) per  cent . . !  0. 7 

Sulphur do 1.61 

Calorific  value calories . .  I  10, 284 

Calorific  value B.T.U..!  18,512 


No. 


0.908 
24.800 

20°C.=68°F. 
1.6 
2.09 
18,375 
18,676 


0.893 
27.500 

21°  C.  -70°  F. 
0.8 
1.56 
10.229 
18,415 


No.  13. 


0.926 
21.670 

la) 

■    i"^ 
240C.=75°F. 

3.0 

1.8 

8,078 

14,  Ml 


a  Under  15°  C.  =60°  F. 
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Analyses  and  tests  of  six  samples  of  oU  from  weUs  near  Santa  Maria — Continued. 

RESULTS  OF  DISTILLATION. 


No.  3. 

No.  4. 

No.  5. 

No.  6. 

No.  7. 

No.  13. 

Water,  percent  by  volume.. 
Benzines,  boiling  point  un- 
der 150°  C.  (302OF.): 
Percent 

1.2 

24.5 

.746 
60° 

2L6 

.8346 
39 

19.0 

.905 
25.3 

23.0 

.917 
23.2 

10.8 

0.2 

22.1 

.740 
61.  °2 

20.5 

.821 
41.8 

22.8 

.889 
28.2 

22.7 

.906 
25.3 

11.7 

Trace. 

20.2 

.740 
61.  °2 

21.5 

.818 
42.5 

• 

19.2 

.898 
26.6 

20.3 

.924 
22 

8.8 

Trace. 

23.6 
.762 

62° 

18.7 

.828 
41.4 

20.0 

.897 
26.6 

25.5 

.917 
23.2 

12.3 

Trace. 

18.5 

.752 
52° 

18.6 

.822 
41.4 

26.5 

.895 
27 

22.5 

.903 
25.6 

15.0 

10.8 
16.8 

/-I    —i*   fSDecific 

.742 

Gravity {|P^^^^^  ;;;;;•••• 

60.  °8 

Kerosene,  boiling  point  150° 
C.-250°  C.  ( 302°  F.-482°  F. ) : 
Per  cent 

22.1 

^       ..    fSpecific 

.843 

Gravity|°P«*jj^^ 

37 

Lubricants,     boiling    point 
250°  C.-350°  C.    (482°   F.- 
662°  F.): 
Per  cent 

17.2 

^       ...  fSpeciflc 

.899 

GravitylgP^^ 

26.4 

Lubricants,    boiling     point 
above  350°  C.  (666°  F.): 
Per  cent 

16.2 

/-I       -x    rSnecific 

.906 

Gravity{|P«f^|;^  ;;;;;;;;; 

25 

Asphaltum: 

Per  cent 

16.9 

ASSOCIATED   HYDROCARBONS. 


NATURAL   GAS. 

Throughout  the  Santa  Maria  district  wherever  any  oil  has  been  found 
it  is  invariably  accompanied  by  considerable  quantities  of  natural 
gas;  indeed,  this  form  of  hydrocarbon  is  somewhat  more  widely  dis- 
tributed than  the  oil,  occurring  in  many  places  in  the  shale  above  the 
oil  zones  and  in  some  wells  which  have  yielded  no  petroleum.  The  pres- 
sure of  the  gas  varies  from  zone  to  zone  and  from  well  to  well.  The 
greatest  pressure  so  far  recorded  was  in  Hartnell  well  No.  1,  w^here, 
according  to  Mr.  Orcutt,  it  w^as  over  400  pounds  per  square  inch  dur- 
ing the  initial  flow  of  oil  and  gas.  Most  of  the  gas  is  utilized  for  the 
generation  of  heat  or  of  powder  direct  in  gas  engines.  Some  of  it  is 
utilized  for  domestic  purposes  in  the  field  and  the  immediate  vicinity. 

ASPHALT. 

Great  deposits  of  asphalt  are  associated  w4th  the  petroleum-bearing 
and  later  formations  over  certain  portions  of  the  Santa  Maria  dis- 
trict. The  asphalt  (in  the  broader  sense  of  the  word)  wdthin  the 
district  occurs  in  several  different  ways — as  veins  penetrating  the 
Monterey  shale  and  later  formations;  as  impregnations  of  the  shale, 
sands,  or  gravels  in  or  overlying  the  Monterey;  and  as  more  or  less 
impure  effusions  at  the  surface.  The  more  important  deposits  are  in 
the  hills  northwest  of  Arroyo  Grande;  in  the  region  of  Asphaltum 
and  La  Zaca  creeks,  east  of  Sisquoc;  in  Graciosa  Ridge;  and  in  the 
vicinity  of  Redrock  Mountain.     These  deposits  have  been  described 
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in  detail  by  George  H.  Eldridge,"  and  are  mentioned  at  various  places 
throughout  this  bulletin;  further  discussion  of  them  is  therefore 
unnecessary. 

TECHNOIiOGY  OF  PRODUCTION  AND  UTIIjIZATION. 


OIL  COMPANIES  OF  THE  SANTA  MARIA  DISTRICT. 

The  following  is  a  statement  of  the  oil  operations  in  the  Santa 
Maria  district,  compiled  from  all  data  available  up  to  January  1, 
1907 : 

Oil  companies  and  wells  in  Santa  Maria  district. 


■     ■      -    ■     T" 

Field. 

Oil  wells. 

ComiMuiy. 

Produc- 
tive. 

Aban- 
doned. 

Drilling. 

Total. 

AnfiTio-Calilornian  Oil  Syndicate 

Lompoc 

1 
1 

1 

Associated  Oil  Co 

Arroyo  Grande . . . 

1 

1 

Barca  Oil  Co 

Lompoc 

1 

61 

1 

1 

Brookshire  Oil  Co 

Santa  Maria 4 

do 

1 

6 

California  Coast  Oil  Co 

] 

California  Coast  Oil  Co.  (Union  Oil  Co.) 

do 1              3 

Arroyo  Grande 

3 

California-Newlove  Oil  Co 

1 

1 

Casmalia  Ranch  Oil  and  Development  C^ . . 
Claremont  Oil  Co 

Santa  Maria 

i 

1 

do ' 

61 

1 

2 

Coast  Line  Oil  Co 

Lompoc ' 

1 

1 

Coblentz  Oil  Co 

Santa  Maria 

1 
1 
1 

1 

Crown  Oil  Co 

Arrovo  Grande 

1 

Crystal  Oil  Co 

do 

1 

Diamond  Oil  Co 

Santa  Maria ' 

Dome  Oil  Co 

do... 

1 
6 
1 

i 

2 

Qraciosa  Oil  Co 

..  .do 

2 
1 

8 

Hall<Sc  Hall  Oil  Co 

..     .do- 

2 

La  Grande  Oil  Co 

Arroyo  Grande.   . 

1 

LaRuna  Land  Co 

do 

. 

1 

Lompoc  Oil  Developing  Co 

Los  Alamos  Oil  and  Development  Co 

Las  Flores  Land  and  Oil  Co 

Lompoc ■ 

.^  ..do .               1                2 

Santa  Maria 

McNee  Oil  Co 

Arroyo  Grande 

1 
1 
1 

Meridian  Oil  Co 

Santa  Maria. 

National  Oil  and  Transportation  Co.  (As- 

 do 1 

sociated  Oil  Co.). 
New  Huasna  Oil  Co 

A  rroyo  Grande . . . 

1 
1 

Oak  Park  Oil  Co 

do 

-      t.      _ 

Pennsylvania  Oil  Co 

Santa  Maria 

1 

1 

2 

Perpetual  Oil  Co 

Pacific  Oil  and  Transportation  Co.  (Asso- 

Arrovo Grande 

1 

Santa  Maria - - 

1 

ciated  Oil  Co.). 
Palmer  Oil  Co 

do 

1 
11 

• 

Pinal  Oil  Co 

do 

a 

14 

Radium  Oil  Co 

do 

1 
2 

Recruit  OU  Co.  (KscoUe  and  Newhall) 

Rice  Ranch  Oil  Co 

do 

2 

do 

2 

1 

1 
1 

2 
3 

Santa  Barbara  Oil  Co 

Santa  Ynez 

Santa  Lucia  Oil  Co 

Arroyo  CJrandc. 

Santa  Maria  OU  Co.  (Union  Oil  Co.) 

Santa  Maria  Oil  and  Gas  Co.  (Union  Oil  Co.) 

Santa  Maria 

do 

1 

3 

4 

1 

8 

Santa  Ynez  Valley  Development  Co 

Santa  Ynez 

Southern  Pacific  to 

Santa  Maria 

1 

i 

Standard  Oil  Co.  (pipe  lines,  storage,  etc.).. 

do 

■  .••.•....■■-..■•...• 

Stillwell  Oil  Co 

do 

Syndicate  Oil  Co.  (Union  Oil  Co.) 

do 

1 

TieOUCo 

do 

1 

Tiber  Oil  Co 

Arroyo  Grande... 
Lompoc 

1 

2 

Todos  Santos  Oil  Co 

1 
1 

Traders'  Union  Oil  Co 

Santa  Maria 

Union  Oil  Co.: 

Burton  lease 

Lomooc 

1 
1 
3 

Eefson  lease 

do 

2 
5 

1 

Folsom  lease 

Santa  Maria 

8 

o  The  asphalt  and  bituminous  rock  deposits  of  the  United  States:  Twenty-second  Ann.  Rept.  U.  S. 
Oeol.  Survey,  part  5, 1901,  pp.  209-452,  pis.  2.'>->58,  figs.  1-52. 
6  Water  well. 
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Oil  companies  and  wells  in  Santa  Maria  district — Continued. 


Field. 

Produc- 
tive. 

5 
2 
2 

8 

OU  weUs. 

Company. 

Aban- 
doned. 

Drilling. 

Total. 

Union  Oil  Co.— Continued. 

Fox  lease 

Santa  Maria 

do 

1 

1 
1 
2 
5 

6 

HartneU  lease 

ol 

L 

4 

Hill  lease 

Lomooc 

4 

Hobbs  lease 

Santa  Maria 

do 

10 

Newlove 

5 

Wise  <fe  Denigan 

Lompoc 

8 

8 

Waldorf  well 

Santa  Maria 

1 
3 
1 

1 

Western  Union  Oil  Co 

do 

26 

2 

31 

Yakima  Oil  Co.  (Lucas)   (Associated  Oil 

do 

1 

Co.). 

94 

25 

55 

174 

WELL  DRILLING. 

The  wells  in  the  Santa  Maria  district  are  among  the  deepest  oil 
producers  in  the  world,  one  of  them  reacliing  a  depth  of  over  4,400 
feet.  Except  at  three  or  fom*  wells,  where  rotary  drills  have  been 
used  to  penetrate  the  soft  sands  and  shales  near  the  surface,  all  of 
the  drilling  has  been  done  with  the  standard  rig.  The  casing  used 
ranges  in  diameter  from  12  to  16  inches  at  the  top  down  to  4^  inches, 
and  in  some  wells,  it  is  believed,  even  smaller,  at  the  bottom.  The 
cost  of  the  deeper  wells  runs  in  general  from  $12,000  to  $20,000, 
but  several  of  the  deepest  are  said  to  have  cost  even  more  than  the 
latter  figure. 

Owing  to  the  close  texture  of  the  shale,  it  is  usually  possible  to 
carry  the  hole  down  for  a  considerable  distance  below  the  casing 
without  danger  of  caving.  Wherever  the  wells  penetrate  the  soft 
Fernando  beds  for  any  considerable  distance  much  trouble  is  expe- 
rienced, but  otherwise  the  drilling  in  the  field  is  said  to  be  as  a  rule 
comparatively  easy. 

PRODUCTION. 

The  production  of  oil  in  the  Santa  Maria  region  has  been  increas- 
ing rapidly  in  the  last  four  or  five  years,  but  the  figures  of  actual 
production  do  not  fully  indicate  the  increase  in  the  capacity  of  the 
district.  Lack  of  storage  capacity,  inadequate  transportation  facili- 
ties, and  the  low  price  of  crude  petroleum  are  factors  which  have 
kept  down  the  amount  produced  and  marketed.  Well  drilling  has 
been  going  on  steadily  ever  since  the  field  was  opened,  but  only  a  few 
companies  have  pushed  their  production  up  to  the  limit  for  any 
length  of  time. 

Nearly  all  of  the  oil  so  far  produced  in  the  district  has  come  from 
the  Santa  Maria  field.  The  production  of  the  district,  including  the 
Santa  Maria,  Lompoc,  and  Arroyo  Grande  fields,  for  the  last  five 
years  is  as  follows: 
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Production  of  crude  petroleum  in  Santa  Maria  oil  district,  1902 — 1906.O' 

[Barrels  of  42  gallons  each.] 

1902 99,283 

1903 178,140 

1904 1,367,174 

1905 2,565,966 

1906 4,906,513 

9,117,076 

The  estimated  maximum  capacity  of  the  district  January  1,  1907,  is 
40,400  barrels  per  day. 

STORAGE  CAPACITY. 

The  storage  facilities  of  the  district  consist  of  steel  and  wooden 
tanks  and  open  earthem  reservoirs.  The  reservoirs  are  located 
only  in  the  field  and  are  used  only  temporarily  or  in  cases  of  emer- 
gency. The  total  storage  capacity  of  the  district,  not  including  the 
open  reservoirs,  is  1,464,000  barrels. 

TRANSPORTATION  FACILITIES. 

The  oil  from  the  Santa  Maria  district  is  distributed  by  means  of 
pipe  lines,  tank  cars,  and  some  of  it  eventually  by  tank  steamers. 
The  principal  pipe  lines  of  the  district  are  four  connecting  the  field 
with  Port  Harford  and  one  running  from  the  Western  Union  wells 
to  Gaviota.  The  rail  lines  available  are  the  Southern  Pacific  at 
Gaviota,  CasmaUa,  and  Betteravia,  and  the  Pacific  Coast  at  Carreaga 
and  Orcutt.  Tank  steamers  of  the  Associated,  Standard,  and  Union 
oil  companies  take  the  product  from  Port  Harford  or  Gaviota. 

The  following  is  a  summary  of  the  principal  pipe  lines  in  the 
district: 

Pipe  lines  in  Santa  Maria  oil  district. 


Company. 

From— 

To— 

1 
Distance. 

Coast  on  TransDort  Co 

Qraciosa  wells 

Oil  I'ort 

Miles. 
34 

Graciosa  Oil  Co 

Wells 

Casmalia 

Carreaga 

Ga\iota 

(Jraciosa  station 

Betteravia 

I»ort  Harford 

Orcutt 

do 

Port  Harford 

do 

do 

Orcutt 

8 

Los  Alamos  Oil  and  Development  Co. . 

PadflR  Oil  and  Transportation  Co 

Pinal  and  Brookshlre  oil  companies . . . 
Do 

do 

Orcutt 

51 

Weils 

do 

and 
Co.'s 

tfaria 
uUs. 
,  and 

nd3.. 

2 
7 

standard  Oil  Co 

Orcutt 

Western  Union  wells. 
Hall,    Dome,    IMnal, 

Brookshiro  wells. 
Pacific    Coast     OU 

tanks. 

Orcutt 

do 

32 

Do 

7 

Do 

3 

Standard  Oil  Co.  (2  lines) 

Union  Oil  Co 

32 

Do 

32 

Do 

Lompoc  field 

Escolle  and   Santa  ] 

Oil  and  Gas  Co.'s  w 
Fox,  Hobbs,  Folsom 

other  wells. 
Reservoirs  Nos.  1,  2,  a 
Wells 

16 

Do 

Do 

do 

do 

3 
3 

Do 

do 

4 

Western  Union  Oil  Co 

Carreaga 

4 

a  Compiled  from  data  furnished  by  the  different  operating  companies. 
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REFINERIES. 

The  principal  refineries  utilizing  the  oil  from  the  Santa  Maria  dis- 
trict are  as  follows: 

California  Petroleum  RefinerieSy  Limited. — The  refinery  of  this 
newly  organized  company  is  now  in  course  of  erection  at  Oil  Port, 
south  of  Port  Harford.  It  is  said  that  the  initial  capacity  of  this 
refinery  will  be  about  7,000  barrels  per  day,  and  that  all  the  usual 
products  will  be  refined. 

Pacific  Oil  Transportation  Company. — The  refinery  of  this  com- 
pany is  located  at  Gaviota,  and  consists  of  nine  stills  with  a  capacity 
of  1,050  barrels  of  crude  oil  per  day.  The  principal  products  are 
illuminants  and  fuel  residue. 

Standard  Oil  Company. — The  plant  of  this  company  is  located  at 
Point  Richmond,  Contra  Costa  County,  and  is  said  to  consist  of  19 
stills  with  a  capacity  of  5,000  barrels  of  crude  oil  and  4,000  barrels 
re-run  per  day.     The  products  are  illuminants,  lubricants,  and  coke. 

Union  Oil  Company  of  California. — The  main  refinery  of  this  com- 
pany is  located  at  Oleum,  Contra  Costa  County,  and  consists  of  a 
number  of  stills  capable  of  producing  illuminants,  distillate,  and 
asphalt. 

UTILIZATION    OF  THE   OIL. 

Most  of  the  oil  from  the  Santa  Maria  district  is  refined,  the  lighter 
products  being  used  for  illuminants  and  for  the  direct  generation  of 
power  in  gas  engines,  and  the  heavier  products  and  unrefined  heavy 
oil  for  fuel,  lubricants,  road  dressing,  etc.  With  the  exception  of 
a  very  small  amount  used  locally,  all  the  oil  is  sent  out  of  the  district, 
the  greater  part  of  the  product  at  present,  it  is  believed,  going  to  the 
refineries  near  San  Francisco.  Contracts  recently  made  in  South 
America,  Japan,  and  the  Hawaiian  Islands  indicate  that  within  a 
short  time  much  of  the  product  of  the  district  will  be  exported. 

RESUME. 

The  Santa  Maria  oil  district,  comprising  the  Santa  Maria,  Lompoc, 
Arroyo  Grande,  and  Huasna  fields,  occupies  the  central  and  northern 
portions  of  the  Lompoc  and  Guadalupe  quadrangles,  northern  Santa 
Barbara  County;  the  southern  part  of  the  San  Luis  quadrangle, 
southern  San  Luis  Obispo  County,  and  a  small  part  of  the  unmapped 
area  between  the  Lompoc  and  San  Luis  quadrangles. 

The  larger  part  of  the  district  is  a  basin  region  inclosed  between 
two  divisions  of  the  Coast  Ranges — the  San  Rafael  and  Santa  Ynez 
mountains — and  the  Pacific  Ocean.  The  formations  in  this  basin 
have  undergone  less  disturbance  than  in  the  mountains  and  the  con- 
ditions in  it  are  good  for  ^he  accumulation  of  oil. 
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The  formations  involved  in  the  geology  of  the  district  include  the 
Franciscan  (Jurassic?)  sandstone,  shale,  glaucophane  schist,  jasper, 
and  intruded  serpentine;  Knoxville  (lower  Cretaceous)  conglomerate, 
sandstone,  and  shale;  pre-Monterey  (which  may  include  both  Cre- 
taceous and  older  Tertiary)  conglomerate,  sandstone,  and  shale; 
Tejon  (Eocene)  sandstone,  shale,  and  conglomerate;  Vaqueros  (lower 
Miocene)  conglomerate,  sandstone,  and  shale;  Monterey  (middle 
Miocene)  diatomaceous  and  flinty  shale,  limestone,  calcerous  shale, 
and  volcanic  ash;  Fernando  (Miocene-Pliocene-Pleistocene)  con- 
glomerate, sandstone,  and  shale;  and  Quaternary  gravel,  sand,  clay, 
and  alluvium.  The  sedimentary  formations  of  Tertiary  and  early 
Quaternary  age  have  a  combined  maximum  thickness  of  at  least 
13,200  feet. 

A  variety  of  igneous  rocks  of  Cretaceous  and  Tertiary  age,  mostly 
intrusive,  outcrop  over  small  areas. 

The  Monterey  shale  (middle  Miocene)  is  the  original  and  chief 
oil-bearing  formation,  the  petroleum  having  originated  and  remained 
in  it  in  large  quantities.  Some  has  escaped  by  seepage  and  collected 
in  the  overlying  Fernando  formation  or  the  Quaternary  terrace  de- 
posits, or  has  been  dissipated.  The  oil  is  supposed  to  accumulate  in 
fractured  zones  and  porous  sands  in  the  lower  portion  of  the  Monterey, 
where  brittle  shale  predominates,  anticlines  furnishing  the  most  favor- 
able conditions  for  accumulation.  The  Monterey  shale  is  in  large 
part  of  organic  origin,  being  especially  rich  in  diatoms,  and  the  oil 
is  supposed  to  be  a  product  of  the  plant  and  animal  remains  inclosed 
in  it.  The  quantity  of  these  remains  originally  deposited  with  this 
formation  is  sufficient  to  account  for  a  vast  amount  of  derived  oil. 

Two  structural  systems  prevail  in  the  district,  the  features  in  the 
northeastern  portion  striking  northwest  and  southeast,  those  in  the 
southern  portion  striking  east  and  west,  and  those  in  the  intervening 
region  trending  in  a  direction  intermediate  between  the  two.  Few 
faults  of  importance  were  noted  in  the  field.  The  productive  terri- 
tory lies  in  a  region  of  more  or  less  gentle  folds  in  the  central  part  of 
the  area,  most  of  the  wells  being  located  along  or  near  anticlines. 

The  wells  range  in  depth  from  1,500  to  more  than  4,000  feet.  In 
the  Santa  Maria  and  Lompoc  fields  they  obtain  oil  from  zones  of 
fractured  shale,  and  possibly  in  certain  places  from  sandy  layers  in 
the  lower  portion  of  the  Monterey  formation.  The  production  of  the 
individual  wells  ranges  from  5  to  3,000  barrels  per  day,  the  average 
being  between  300  and  400  barrels.  The  oil  ranges  in  gravity  from 
19°  to  35°  Baum6,  the  greater  part  of  it  being  about  25°  to  27°.  In 
the  Arroyo  Grande  field  the  oil  comes  from  sandstone  at  the  base 
of  the  Fernando  and  is  of  14°  gravity.  *  There  is  in  all  these  fields 
much  undeveloped  territory  which  offers  great  promise  of  being 
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highly  productive.  The  conditions  affecting  the  presence  of  oil  have 
been  discussed  for  individual  areas  and  those  places  enumerated  in 
which  the  conditions  seem  favorable  for  its  accumulation. 

There  are  52  oil  companies  interested  in  the  district;  11  of  these 
own  all  the  producing  wells.  Of  the  174  wells  in  the  district  94  are 
productive,  55  are  drilling,  and  25  are  abandoned.  The  total  pro- 
duction of  the  field  up  to  January  1,  1907,  was  9,117,076  barrels;  the 
production  for  1906  alone  was  4,906,513  barrels. 
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PLATE  XII. 

Tejon  (Eocene)  Fossils. 

(Unless  otherwise  indicated  all  figures  are  natural  size.) 

Fig.  1.  Cardiumbrewerii  Gahh.  Type.  Right  valve;  altitude  61  mm.  View  of  exte- 
rior. Pal.  California,  vol.  1,  1869,  pi.  24,  fig.  155.  A  common  species  in 
the  Eocene  of  the  Santa  Ynez  Mountains. 

Fig.  2a.  Crassatellites  collina  Conrad.  U.S.N.M.  165312.  Left  valve;  longitude  87 
mm.  View  of  exterior.  San  Julian  ranch  (4507).  Characteristic  of  this 
horizon. 

Fig.  26.  View  of  anterior  end  of  same  specimen. 

Fig.  3.   Crassstellites  collina   Conrad.     U.S.N.M.  165312.     Hinge.     Same   locality  as 

fig.  2. 

Fig.  4.  Pecten  (Chlamys)  ynezianu  Arnold.  U.S.N.M.  165313.  Paratype.  Altitude 
52  mm.  View  of  exterior.  San  Julian  ranch  (4507).  Characteristic  of 
this  horizon. 

Fig.  5a.  Ficusmannllatus  Gohh.  U.S.N.M.  165319.  Altitude  31  mm.  View  of  back. 
North  of  Sudden  (4518).     Characteristic  of  this  horizon. 

Fig.  56.  View  of  top  of  same  specimen. 

Fig.  6.  Twritella  iivasaiia  Conrad.  U.S.N.M.  165327.  Altitude  of  imperfect  speci- 
men 25  mm.  Aperture  view.  North  of  Sudden  (4578).  Characteristic 
of  this  horizon. 
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PLATE  XITT. 
Knoxville  (Ceetaceous)  and  Tejon  (Eocene)  Fossils. 


(UtiI^b 


iither 


I'  inflii^tixl  all  figiires  are  uatural  si 


1.  1.  Aucella  piorbii  Gnhh.     U.S.N.M.3U831.     Righlvalvp;  altitude  25  m 

iif  fximor.    KnuKvillf  (lnwcr  Crelactniufl)  formatinn,  East  F<irk  Tepui 

quot  Creek  (4173).    ChararteriBtic  of  the  lower  Cretaceous  throughoM 

tho  Coast  Ranges, 
1.  2,   AucfUa  piorMi  Gabl).     U.8.N.M.  30831.     Lett  valve;  altitude  15  a 

(i[  i-xlorior,  X  2.    Same  loi'ality  and  liormm  lu  fig.  1. 
I.  3a.  AiKclla  piochiiGahh.     Left  valve:  altiUide27  mm.     Viewofexler 

L'.  S.  Geol.  Survey  No.  133,  1895,  pi.  4,  fig.  6. 
i.  36.  Exti-rior  of  right  valve  of  same  iipecimen.    Op.  cit.,  p!,  4,  fig,  7, 
1.  4.    Vmerkardia  plamaata  Lamarflt,  U.S.N.M.  Ifi4973.     Left,  valve;  longitude  |^ 

mm.  Eocene,  LilUe  FaUe,  Wash.    Thin  is  the  most  wiilesprHKi  a 

eharacteriatic  Ekweno  speeiea  in  the  wnrld. 
1.  5a.   Tiirritdla  (inwlinezeimt  Oabb)  var.  ?  iorapownflW  Arnold,     Paratype, 

tutle  of  fragment,  30  mm.     Dack  view.     Same  locality  ufl  fig.  S, 
i,  56.  Basal  vii>w  of  same  epcnmen. 
•..tin-  Pecten  {CUainyn)  yneziana  Arnold.     U.e.N.M,  165313.     Type.     Right  vallDJ 

altitude  64  mm.    View  of  esterior,    San  Julian  ranch  (4507). 

Inristic  of  this  burizon, 
;,  {i6.  Same  Bpe<'ii«.     Length  of  hinge  of  right  valve  25  mm. 
i.  7.   TviriUlla  uvasaTiaCatind,    U.S.N.M.  165326.     Altitude  of  imperfect  speein 

R8  mm.     Aperture  view.     San  Julian   ranch   (4507;.     Characteriatic  j 

the  Eoceno  tltfoughout  the  Coast  Ranges, 
1.  8.   Tui-Hlriln  {niai'lif-it-Mis  Gahh)  var.  f  lompoceniii  Amolil.     U.S.N.M.  ] 

Type.     Longitude  68  mm .     View  rif  back.     Southwest  of  Lompoc  (450 


PLATE  XIV. 

Tejon  (Eocene)  Pelecypoda. 

(Unless  otherwise  indicated  all  figures  are  natural  size.) 

Fig.  la.  Ostrca  idriaensis  Gabb.     U.S.X.M.   165318.     Left  valve;  altitude  114  mm. 

View   of    exterior.     North   of    Sudden    (4518).     Characteristic   of   this 

horizon. 
Ficj.  lb.  View  of  exterior  of  right  valve  of  same  specimen. 
Fig.  2.  Phacoidcs  cumulata  Gabb.     U.S.X.M.  105328.     Right  valve;  altitude  10  mm. 

View  of  exterior,  X  4.     Three  miles  north  of  Sudden  (4518);  also  known 

from  type  locality  of  Tejon  formation. 
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PLATE  XV. 

Vaqiteros  (Lower  Miocene)  Fossils. 

(Unless  otherwise  indicated  all  figures  are  natural  size.) 

Fig.  la.  Purpura  vaqiierosensis  Arnold.  Collection  of  Deles  Arnold.  Type.  Alti- 
tude lOOnini     Ai)erture  view.     Lynchs Mountain,  Monterey  County,  Cal. 

Fig.  \h.  Hack  view  of  same  specimen. 

Fig.  2.  yfodiolus  yneziana  Arnold.  U.S.N.M.  1G5324.  Type.  Right  valve;  altitude 
31  ram.  Viewof  exterior,  X  2.  San  Julian  ranch  (4504).  Characteristic 
of  this  horizon. 
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VAQUEROS  I  LOWER  MIOCENE  I    FOBbiLS 


PLATE  XVI. 

Vaqueros  (Lower  Miocene)  Fossils. 

(Unless  otherwise  indicated  all  ligures  are  natural  size.) 

Fig.  1.  Pecten  [Lyropecten)  magnolia  Conrad.  U.S.N.M.  165317.  Right  valve;  alti- 
tude 155  mm.  View  of  exterior,  Xi-  San  Julian  ranch.  A  character- 
istic Vaqueros  spc^cies. 

Fig.  2.  Ostrca  ddridgei  Arnold.  U.S.N.M.  165307.  Left  valve;  altitude  100  mm. 
View  of  exterior.  Mouth  of  Ballard  Canyon,  2  miles  south  of  Santa  Ync  z 
(4478).     Characteristic  of  this  horizon. 

Fig.  3.  Turritclla  ineziana  Conrad.  U.S.N.M.  l()532i.  Altitude  120  mm.  View  ( f 
side.  Ten  miles  west  of  Santa  Ynez  (4514).  Characteristic  of  this  hori- 
zon throughout  the  Coast  Ranges. 
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PLATE   XVII. 
VAQTiERoa   (Lower  Miocene)  Pelecypoda  and  Brachiopoda. 

(UnleBB  otherwifie  indicatcii  all  figureB  are  natural  eize.) 

Fiu.  1.  PrrUn  i.PecU-n)  vtrnvbrk!  Arnold.  U.S.N.M.  165305.  Type.  Eight  valv« 
altitude  64  miu.  View  of  extPrior.  Mouth  (if  Ballard  Canyon,  2  n'  " 
south  of  Santa  Ynez  (4478).     Chararterietip  of  this  horizon. 

FiQ.  2.  PecUn  {Pecttn)  vanvUcH  Arnold,    U.S.N.M.  1(!5306.    Paratype.    Left,  valv* 
altitude  72  ram.    View  of  exterior.    Mouth  nt  Ballard  Canyon,  2  n 
Bouth  of  Santa  Ynrz  (4478).     ChnrarteriBlic  of  this  horizon. 

Fig.  3.  PecUn  (Chlamyi)  srspemtis  var.  ftjirfri  Arnold.  U.S.N.M.  165308.  Left  vatv^d 
altitude  (K)  mm.  View  of  exterior.  Mouth  of  Ballard  Canyon,  2  milffl 
south  of  Santa  Ynez  {447S)     CbaracteriBtic  of  thi«  horizon. 

Fill.  4a.  nveljTolalia  teuM-df/i  DaW  U '^  N  M  165325.  Type.  Ventral  valve;  al^ 
tilde  26  mm.  Vien  rf  e'^tenor  Lime  qnarry  6  miles  soulhweBt  6 
I^inpoc  (4521).    Cbarai  teriBlK  of  thin  horiiMii. 

Fiu.  46.  Doreal  valve  of  same  Bpeciee   altitude  of  fragment  18  mm.     View  of  exl 

.    Dllilud    19  mm,     View  of 


PLATE  XVin. 

VaQITEROS    (IjOWF.R    MinCENE)    PEI.ECTPOnA. 


(Unless  otherwise  imiioul.cil  all  ligtiri'B 


I'-liiil/  iiiitural  s'\ 


•■) 


.  Pedm  {Lyropfcttn)  cratneitrdo  Cata&d.    U.S.N.M.  HHOOT.    Exterior  of  valv( 

showing  charactpriHtip  Bfuljitiiro;  altitudp  00  mm.     Ojai  Valley,  Vm 

lura  County,  Cai..     This  specieB  ranges  throughout  the  Miocene,  lieijl! 

(Xtmmonc'i  in  the  lower  part  in  Eouthom  California,  in  the  upper  part  H 

central  California. 
.  Pcrlm  [AmtistHm)  lompoeenxix  Arnold.     CoUpclion  of  California  Arademy  q 

Sriencea.     Holutype.     Mold  of  interior  iiE  left  valve:  altitude  105  n 

Four  miles  south  of  Ijompoo. 
.  I'lrtrn  (Arnvsinvi)  Imnpoeengis  Arnold.    U.S.N.M.  ir>4fio2.     Paralype.    Inte->l 

rior  of  u  portion  of  left  valve;  altitude  BO  mm.    Ojai  Valley,  Ventur 

rounly,  Cal. 
.  Peclen  {Amiisiiim)  lornpoeermt  Arnold.     Collection  of  California  Academy  d 

Sriencea.     Paratype.     Imperfect  mold  of  interior  of  right  valve;  hinj 

line  42  mm.     Same  locality  as  lig.  2. 
,   Ptflen  t  Lyropcclm)  bov:rrin  Arnold.     Collection  of  University  of  Califomu), 

Type.     Exterior  of  slightly  imperfect  right  valve;  altitude  150  n 

Santa  Ynez  Canyon, 
a.  Ostrea  rlilridgd  Arnold.     U.S.N.M.  Ifi5320.     Left  valve;  altitude  114  e 

View  n£  exterior.    VA  Jaro  Creek  (4519,1.    Characteristic  of  Hub  h 
6.  View  of  exterior  of  right  vulve  of  same  specimen. 


PLATE  XIX. 

Monterey  (Middle  Miocene)  Diatoms. 

Fig.  1.  Photomicrograph  of  slide  of  partially  cleaned  diatomaceous  shale  material 
from  the  Lompoc  quadrangle,  X  100.  All  the  larger  individuals  and 
fragments  are  Coscinodiscus  oculus  iridis  Ehrenberg. 

Fig.  2.  Photomicrograph  of  slide  of  diatoms  from  the  Monterey  shale  at  Santa  Monica, 
I^os  Angeles  County,  Cal  ,  X  60.  Nearly  all  the  species  shown  on  this 
slide  occur  in  the  diatomaceous  deposits  in  the  Santa  Maria  district. 
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MIDDLE  MIOCENE)  DMTOMS. 


17HI— Biill.  3i^-07 10 


PLATE  XX. 

Monterey  (Middle  Miocene)  Diatoms. 

Fig.  la.  Actinoptychus  undulatus  Ehrenberg. 

Fig.  16.  Lithodcsmium  comigerum  Bnin. 

Fig.  Ic.  Dictyocha  gracilis  (not  a  diatom;  nature  unknoTrn).     Enlargement  to  1,000 

diameters  of  a  portion  of  the  slide  shown  in  PI.  XIX,  fig.  1. 
Fig.  2.   Coscinodiscus  obscwrus  A.  S.,  X  1,000.     From  the  Monterey  shale  of  the  Santa 

Maria  district. 
Fig.  3.  Cosdnodiscus  subtilis  Ehrenberg,  X  1,000.     From  the  Monterey  shale  of  the 

Santa  Maria  district. 
Fig.  4.   Coscinodisciis  rohustiis  Ore  v.,  X  1,000.     From  the  Monterey  shale  of  the  Santa 

Maria  district. 
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PLATE  XXI. 
Fernando  {Pliocene)  Gastekopoda. 

(UnlPBs  otherwiBB  indicated  figures  iirp  natural  nize.) 

Fm.  1.  TVocAifn rodiQjw  Lamarck.    U.8.N.M.  IfiSSlO.    Maximum  diameteroffr 

20  mm.     View  of  top.  X  2.     Puglor  Point  asphalt  mine,  near  Gary  (447^ 

Chaniclerialic  of  the  upper  Miocene  and  lower  Pliocene  of  this  region. 
Fiii.  2.  Prietu  ongorutm»  Redfield  lyoung).  U.S.N.M.  1B52G2.    Altitude  4«  mm. 

Apeiturc  %-iew.    Waldorf  nsphalt  mini-  (4473).    Also  known  ret-ent. 
Fiti.  3.  Limalia  lefonsA  Gould.  U.S.N.M.  1(15264.     Young  apecinien;  altitude  23  mm. 

Aperture  view,  X  2.    Waldorf  asphalt  mine  (4473).     Also  known  recent.^ 
Fi.i,  4-  ThaloHa   aiffca  Gabb.  U.S.N.M.  165298.    latitude  29    mm.    Back  vieibl 

Fugler  Point  asphalt  mine,  near  Gary  (4475).    Also  known  rwent.       ^| 
Fiii.  6.   Tbalotia  caffea  Gabb.  U.S.N.M.  1652»7.     Latitude  oS  fragment  21  mm,     VielB 

of  Bide  of  fragment,  slightly  tilted  up.     Same  locality  oa  fig.  4.  ^M 

Flo.  6.  Lgmitaia   otomosiww   Arnold.    U.S.N.M.    165421).    Type,    Altitude  0  mm3 

Aperture  view,  X  'i,     FroBh-wntPr  beds,  1  mile  southeast  of  l)ench  mailH 

425,  Loa  Alamos  Valley,  ^t 

Fic,  7.  Lpnnaxi  alom.osciais  Arnold.     U,S,K.M.  165421),     Young  B]}ecimen:  allitU^H 

.1.5  mm.    Same  locality  us  fig,  6,  ^H 

Fi.i,  B.   Cadulu*  fiidformis   Sharp   and   Pilsbry.     U.S.N.M.    165267,     Longitude   ^| 

mm.     Side  view,  X  3,     Waldorf  asphalt  mine  (44T3).     Known  also  rel'ell^H 
Kto.  II,  fanMikna  crau/wrfidjKi  Dall  var.    /utfimAmold.    U.S.N.M.  165322.    Typ^^ 

Altitude  22,6  mm.    Aperture  view,  X  2.    Fugler  Point  asphalt  roiii^| 

near  Gary  (4475).    rharacteristic  of  this  horizon.  ^| 

l-"iii.  10.  Odivbra  wirhfli  Ford  var.  u-aMor/tmsia  Arnold.     U,S,N.M.   1B5261.     Typ«H 

Altitude  11  mm.     Aperture  view.  X  3,     Waldorf  asphalt  mine  (4473).  ■ 
Fid.  11.   Turrilrltn  raopm  Carpenter.     U.S.N.M.  165273.     Altitude  34  mm.    Apev^ 

ture  view,  X  3.    Waldorf  asphalt  mine  (4473),    1  'ommcm  in  the  Flio<?eiiM 

and  Pleistocene,  J 

Fth.  12.  Dnllia  waldorftmu  Arnold,     U.S.N.M.  165270.     Type.     Altitude  18.5  mauM 

Aperture  view  of  imperfect  specimen,  X  2.     Waldorf  asphalt  mine  (4473)fl 

Characteristic  of  this  horizon.  ^| 

Fiii,  13.  DriUia  johnioni  Arnold.    U,  8.  N.M.  165203.    AlUtude  34  mm.    Back  vie^| 

X  2.     Waldorf  asphalt  mine  (4473),     Also  found  fossil  at  San  Pedro.    ^H 
Flit.  Hn.   Neiirrila  rediiziana  Petit.     U.S.N.M.  165323.     Altitude  35  mm.     Aprrti^H 

view.     Fugler   Point   asphalt   mine     near   Gary   (447.i).     Also   l(n(>1l^| 

F;i).  lib.  Vii'W  of  liase  of  same  sperimcn.  ^M 

l''r(:.  |.j.   Nrtcrita  reduziana  Vetit.     U,S.N.M.   165230.     Altitude  20  mm.    Apertu^^ 

view,  X  2.     Fugler  Point  asphalt  mine,  near  Gary  (4476).    AlsokncniS 

Fio.  16.  A'atka  dauta  Rroderip  and  Sowerliy.  U.S.N.M.  166269.  Altitude  21  iAI^| 
Aperture  view,  X2.     Waldorf  asphalt  mine  (4473).      'i—  i "1[M 

Fin.  17,  Xasia  u-aldorfmm  Arnold.  U,I5.N.M.  165272.  Type.  Altitude  13  mflM 
Aperture  view,   X2.     Waldorf  asphalt  mine  (4473').     CharactfriBlic  <9H 

Fiti.  18.  {yrillia  gradasana  Arnold.  U.S.N.M,  166:100.  Type,  Altitude  14  m^H 
Aperture  view,   X  3,     Grseiosa  Ridge,  near  Ort'utt  (4476).     CharKt^^f 


PLATE  XXn. 

Fernando  (Pliucenk)  Fossilb, 
(Unlees  otherwise  indicated  all  figures  are  natural  airx'.  ] 

i.  lo.  Photadidfa  ovoiiiea  Gould.     U.S.N.M.  ie5277.     Longitude  58  mm.     View  O 

valve.    Wftldori  aephalt  mine  (4473).    Also  known  reci 
i,  16.  View  of  hinge  region  of  both  valvea. 
;.  2.  Purpura  rriapala  Cheminti.     U.S.N.M.  105278.     Altitude  20  mm.     Apertufl 

view.     One  mUe  north  ot  Schumann  (4474).     Also  known  recent, 
1.  3n.  Leda  Uiphria  Dall.    U.S.N.M.  I(i5296.    Longitude  10.6  mm.    View  of  e 

rior,  X  3.     Fugler  Point  asphalt  mine,  near  Gary  (4475).     Also  knol 

recent. 
1.  36.  View  of  hii^'  region  ot  both  valves. 
:.  4a.  Tcrcbralalio  ocridcnlalit  Dall.    U.S.N.M.  165300.    Ventral  valve;  ii 

30   mm.     View  of   exterior.     Fugler   Poiot  asphalt   mine,   nea 

(4475).     A  variable  species.     Also  known  recent. 
i.  4i.  View  of  dorsal  valve  of  same  specimen, 
1.  5.  Mamma  nasuta  Conrad.    U.S.N.M.  Ifi5276.    Longitude  47  roin.    V 

right  valve,    Waldorf  aephalt  mine  (4473).    Aleo  known  recent 

Miocene, 
i.  6.  Fhaandfa  niitlatli  Conrad  var.  antecedena  Arnold.     U.S.N.M.  165290.     TypR.« 

Left  valve;  longitude  23  nun.     View  of  exterior,  X  2.     Alcatiaz B8pbBl||!l 

mine,  near  Sisquoc  (4471),    Chaiai'teristic  of  this  horizon. 
1.  7.   Cryptomya  oralis  Conrad.     U.S.N.M.  165289.     Left  valve;  longitude  2; 

Alcatrftz   asphalt   mine,   near    Siaquoc   (4471).     Characteristic   ot   t 

1.  8.  Dotinia  poii'Urosa  Gray.    U.S.N.M.  ]tS296.    Right  valve;  attitude  105  n 

View  of  e:(terior,    X  i.     Alcatraz  asphalt  mine,   near  Siaquoc   ( 

Also  known  recent. 
1.  0.  Leda  orcvili  Arnold.     U.B.K.M.  1G6271.     Type.     Longitude  7  mm. 

exterior,  X  3.    Waldorf  asphalt   mine   (4473).    Characteristic 

horizon. 
..  10.    Tapes   tencrrima   Carpenter.     U.S.N.M.   Hi5293.     Left  valve;  longitude  i 

mm.     View  of  exterior.     Alcatraz  asphalt  mine,  near  Sisquoc  (4471 

Common  in  the  Pliocene    Also  known  recent. 
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PLATE  XXIII. 
Fernando  (Pliocene)  Fossils. 


(Unless  otlicrwbi'  imlicutiil  b.11  (igurea  are  natural  ei 


'■) 


.  Spk'ila  siiquoans!t  Arnold.     U.S.N.M.   165292.     Type.     I*ft  valve;  long 

tuUe  120  mm.    View  of  exti-rior,  X  i-    Al«ilraK  aspbril  ni 

SiBquoc  (4471).     CliaracteriHtip  of  this  horizon. 
.  CliiliopkoTa  piindala  Carpenter.    U.S.N.M.  105302.    Right  valve;  longitnd) 

3(i  mm.    View  of  exterior.    Gracioea  Ridge,  near  Orcutt  (4476). 

known  ret-ent. 
.   Ctidiopliara  piinclata  Carpenter.     U.S.N.M.   1B5283.     Lett  valve;  longitude 

35  mm.    View  of  interior.    Gracioea  Ridge,  near  Orcutt  (4476). 

known  recent. 
.    Vcncricardiamli/omicallail.     U.S.N.M.  165274.     Altitude  29  mm.     Apettm 

view.    Waldorf  aapliali  mine  (4473).    Cbaraclerislic  of  this  horiaon. 
.   Cuiningia  caUfomim  Conrad.     U.S.N.M.   165311.     Left  valve;  longitude  id 

mm.     View  of  exterior,   X  2.     Fugler  Point  aflphall  mine,  i 

(4476).     Also  known  recent. 
.  Spiiula  eatiUiformi*  Connid  var.  alaUratentu  Arnold.     U.S.N.M.    Ifi52fl 

Type.     Right  valve;  longitude  128  mm.     View  of  exterior,  X  i- 

traz  asphalt  minu,  near  Sisquoe  (4471).     I'haiaeteriBtie  of  this  horizon. 
.  Bathytoma  airpeuteriana  Gahh  var.  frrnaruloana  Arnold.    U.S.N.M.  in&SOf 

Type.     Altit\lde  24  mm.     Aperture  \\trv.     Graciosa  Ridge,  n( 

(4476).     Charactoristit-  of  this  horizon. 
.  Phacoides  annubUut  Reeve.     U.S.N.M.   165286.     Right  valve;  longitude  4 

mm.    View  of  exterior.    One  mile  north  of  Schumann  (4474).    Commi 

in  the  Fernando  and  also  found  recent. 
.  I'hacoidcs  inlcnt\ig  DaJl.     U.S.N.M.  1G52G0.     Left  valve;  altitude 

View  of  exterior,  X  4.    Waldorf  asphalt  mine  (4473).    Found  also  i^ 
e  horixou  at  San  Diego. 

une  apecimen,  X  4. 
[0.  OgtrrnvtateMi Gnhh.     U.S.N.M.  165282.     Leflvalve;  ahiludeSOnu 

of  exterior.     One  mile  north  of  Schumann  (4474),     ClmracteriB 

horizon. 
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PLATE  XXIV. 
Fernando  (Pliocene)  Fossils, 

(Unle^  (ilherwisi!  indicated  all  figures  are  natural  size.) 

.  1.   Crrpidula   princcpa   Conrad.     U.S.N.M.    105268.     Longitude   76   mm. 

view.    Wuldorf  asphalt  mine  (4473).    Known  only  in  Ihe  lossil  s 

and  found  in  Santa  Barbara  County  only  in  the  Fernando  forraatioB 

although  it  is  known  from  the  lower  Miocene  farther  north, 
.  2.  Crtpidula  princtfyf  Conrad.    U.S.N.M.  165315.    Longitudo  106  mm.    Vipw  ol^ 

interior,  showing  deck,    Fackards  Hill.  Santa  Barbara. 
.  3.  AatyrU   nehthofeni  Gabb.     U.S.N.M.    165266.     Altitude    14   mm.     Apertur 

view.  X  2.     Waldorf  asphalt  mine  (4473).     So  far  known  only  ae  fusBiL  j 
.  4.  A'ossa  californiana  Conrad.    U.S.N.M.  165304.    Altitude  30  ram.    Ap<!rture 

view.     Graciofla    Ridge,    near    Orcutt    (4477).     Characteristic    ol    thi» 

horizon  in  the  Santa  Maria  district. 
,  5.  Afca  trilintala  Conrad.     U.S.N.M.    165301.     Left  valve;  longitude  46 

View  of  exterior.     Fugler  Point  asphalt  mine,  near  Gary  (4475). 

raon  in  the  Fernando  and  equivalent  formations  and  alao  found  ii 

Monterey. 
.  G.  EdnnarMhTtim  ashltyi  Merriam.     U.S.N.M.  165259.     Maximum  diameter  0 

mm.    View  from  above.    Graciosa  Ridge,  near  Orcutt  (4469). 
.  7.  Edunarachniiiii  athleyi  Merriam.     U.S.N.M.  165259.     Maximum  diameter  4_ 

mm.     View  from  below.     Same  locality  aa  fig.  S. 
.  8.  ErMnorachnius    ctccrt/n'riM    Eaehscholtz    vac.    U.S.N.M    165286.     Maximm 

diameter  41  mm.    View  of  top.    One  mile  north  of  Schumann  (4470 

This  variety  is  probably  chamcteristic  of  this  horizon. 


PLATE  XXV. 

Fernando  (Pliocene)  Pectens. 

(Unless  otherwise  indicated  all  figures  are  two-thirds  natural  size.) 

Fig.  la.  Pecten  {Pecten)  stearnsii  Dall.  U.S.N.M.  148008.  Right  valve;  altitude 
87  mm.  View  of  exterior.  San  Diego  formation  (Pliocene),  Pacific 
Beach,  San  Diego  County,  Cal.  Common  in  the  Fernando  formation 
of  sr)uthern  California. 

Fig.  16.  Same  specimen  as  fig.  la.     Exterior  of  left  valve. 

Fig.  2a.  Pecten  (Patinopecten)  oweni  Arnold.  Collection  of  University  of  California. 
Type.  Right  valve,  anterior  ear  slightly  broken;  altitude  85  mm. 
View  of  exterior.     Foxen's  ranch.     Characteristic  of  this  horizon. 

Fig.  26.  Same  specimen  as  fig.  2a.     Exterior  of  left  valve. 

Fig .  3.  Pecten  ( Chlamys)  lawsoni  Arnold.  Collection  of  California  Academy  of  Science. 
Type.  Right  valve  (umbo  and  ears  missing);  longitude  65  mm.  View 
of  exterior.  One  mile  north  of  Schumann.  Characteristic  of  this 
horizon. 

Fig.  4.  Pecten  (Chlamys)  wattsi  Arnold.  Collection  of  California  Academy  of  Science. 
Type.  Slightly  imperfect  left  valve;  altitude  66  mm.  View  of  exte- 
rior. Lower  Pliocene,  Kreyenhagen's  ranch,  Fresno  County.  Common 
in  the  Fernando  ot  southern  California. 

Fig.  5.  Pecten  hcmphilli  Dall.  U.S.N.M.  165280.  Left  valve;  altitude  22.50  mm. 
View  of  exterior,  X  !§•  One  mile  north  of  Schumann  (4474).  Charac- 
acteristic  of  this  horizon. 
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PLATE  XXVI. 

Fernando  (Pliocene)  Pecten. 

(Unless  otherwise  indicated  all  figures  are  two-thirds  natural  size.) 

Fig.  1.  Pecten  {Patinopecten)  healeyi  Arnold.  U.S.N.M.  148012.  Holotype.  Right 
valve;  altitude  121  mm.  View  of  exterior.  San  Diego  formation  (Pli- 
ocene), San  Diego  County,  Cal.  Characteristic  of  the  Fernando  forma- 
tion throughout  the  Coast  Range. 

Fig.  2.  Pecten  (Patinopecten)  healeyi  Arnold.  U.S.N.M.  154162.  Paratype.  Loft 
valve;  altitude  141  mm.  View  of  exterior.  San  Diego  formation  (Pli- 
ocene), Pacific  Beach,  San  Diego  County,  Cal. 
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Blake,  W.  P..  Monterey  sbale  named  by. .. .        33 

Borsonia  up.,  occurrenie  of 59 

Boyer,  C.  S.,  lowiis  determined  Ijy 40-41 

Braehiopoda,  plalo  abowing 13S 

Braoner,  J.  v.,  on  Monterey  ahale 39-40 

Bn>ok8hli«-IIart»ellsi«a,deHr{ptlonal..  99-101 

Buokbom  Hanyon,  gooiogy  in 31 

Bnmt  Bhaie.  deacripHon  or 48-S2 

occurceoeeof 40,82,101 

on  In 74-7S 

origin  of 48-49 

Burton  Heia.  description  ol 22^23 

dlMomaceoui  earth  on 38 

geology  on S3 

structure  ol 83-84 

C. 
Cadulua    luaiformis    Sharp    and     I'liabry. 

figure  ahowlng 144 

fiiallonnie  Sharp  and   Pllsbry,  occur- 
rence ol U 

California  Cna3tCo.,lnaeoI.fOBdla  from..  S7-«) 

Calliostonia  sp.,  omurrcuw  of 38 

Cailista  siibdlaphana  Carpenter,  occurrence 

of SS 

Campbell,  A.  II.,  work  of 10 

ranudu  Arena,  oil  near 80-90 

Cancellarla  orawfordiana  Dall  var.  luglerl 

Arnold,  llgu re  ahowlng 144 

ciawfotdlana  Dull  var.  tugleri  Arnold, 

occurrence  of 58 

ap.,  oocurrenoe  of G8 

CanlluiD  br^weril  GaliU,  ngure  showing. ...  126 

HrewerllOahb,  oceurrenBeof  32 

meeklanum  Ualili,  occurninc  of 58 

ijuadrigenarlnm  Conrad,  oocumnce  of..  33 

Casmalla,  diatomacwiuB  earth  near 38 

dlatomacenna  earth  near,  view  of 36 

monocline  n«ur,  vlewol 80 

unconlormlty  near,  view  of 78 
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Casmalia  Hills,  definition  of 16 

description  of 19-20 

fossils  of 57-60 

geology  at  and  near 30, 49, 56, 57, 63-64, 68 

oil  in 82-83 

structure  of 81-82 

upheaval  of 60 

Chico  formation,  correlation  of 27 

Chionc  mathewsonii  Gabb,  occurrence  of . ..       32 

sp.,  occurrence  of -t 58 

Chlamys  lawsoni  Arnold,  figure  showing. ..      152 

lawsoni  Arnold,  occurrence  of 50 

sespeensis    var.    hydel    Arnold ,  figure 

showing 136 

var.  hydei  Arnold,  occurrence  of 32 

yneziana  Arnold,  figure  showing 126, 128 

occurrence  of 32 

Chlorostoma  sp.,  occurrence  of 58 

Chrysodomus  sp.,  occurrence  of 68 

Clarke,  F.  W.,  on  age  of  oil 113 

Clidiophora     punctata    Carpenter,    figure 

showing 148 

punctata  Carpenter,  occurrence  of 58 

Climate,  description  of 26 

Coast  terraces,  description  of 23-24, 25 

Codakia  sp.,  occurrence  of 32 

Columnar  section,  piate  showing 26 

Contour  map  of  Santa  Maria  field 02 

preparation  of 02-93 

Conus  homii  Gabb,  occurrence  of 32 

sp.,  occurrence  of 32 

Cooper,  H.  N.,  analyses  by 115-117 

Coscinodiscus  heteropurus  Ehr.,  occurrence 

of 41 

marginatus  Ehrenlwrg  occurrence  of...  40,41 
marglnatus  Ehrenberg  var.  intermedia 

Rat  hay,  occurrence  of 40,41 

nodulifer  Janlsh,  occurrence  of 41 

obscurus  A.  S.,  figures  showing 142 

occurrence  of 41 

oculus  iridis  Ehr.,  figure  showing 140 

occurrence  of 41 

radiatus  Ehr.,  occurrence  of 41 

robust  us  Grcv.,  figure  showing 142. 

occurrence  of 40, 41 

subtilis  Ehr..  figure  showing 142 

occurrence  of 41 

Crassatelitescollina  Conrad,  figure  showing.      126 

colhna  Conrad,  occurrence  ot 32 

sp.,  occurrence  of 32 

Crepidula  pnnccps  Conrad,  figure  showing.      150 

princcps  Conrad,  occurrence  of 58 

Cretaceous  rocks,  character  of 27 

description  of 28 

fossils  in.  plate  showing 128 

occurrence  of 12 

Cretaceous  time,  history  in 66 

Cnicibulum  spinosum  Sowerby.  occurrence 

of 58 

Crypt oniya  ovalis  Conrad,  figure  showing  ..       146 

ovalis  Conrad,  occurrence  of 58 

Cuaslui  Creek,  fossils  near 58-W 

oil  near 90 

Cumingiacalifomica  Conrad,  figure  showing      148 

callfomica  Conrad,  occurrence  of 58 

Cuyama  River,  gr  ology  on 35 

volcanic  ash  on,  view  of 34 


D. 


Page. 


Development,  future,  probabilities  of 79-80, 

86,88,90,01 
Developments,  present,  detailed  descriptions 

of 92-109 

Diabase,  occurrence  of 65 

Diatomaceous  earth,  description  of 38 

occurrence  of 33-34,35,38,54-55,89 

views  of 34,36 

Diatoms,  occurrence  and  character  of . . .  38-39, 68 

oil  from 110 

plates  showing 140-1^ 

See  also  Diatomaceous  earth. 

Dictyocha  gracilis,  figure  showing 142 

Diploneis,  occurrence  of 40 

Divide,  geology  near 54 

Dosinia  elevata  Gabb,  occurrence  of 32 

ponderosa  Gray,  figure  showing 146 

occurrence  of 58 

Drainage,  description  of 25 

Drillia  graciosana  Arnold,  figure  showing  . .      144 

graciosana  Arnold,  occurrence  of 58 

johnsoni  Arnold,  figure  showing 144 

occurrence  of 58 

waldorfensis  Arnold,  figure  showing 144 

occurrence  of 58 

Drilling,  cost  of 120 

Dune  sand,  occurrence  and  description  of . .  63-64 

E. 

Echinarachnius    ashleyi    Merriam,    figure 

showing 150 

ashleyi  Merriam.  occurrence  of 58 

excentricus  Esch.  var..  figure  showing. .      150 

occurrence  of ,')8 

El  Jaro  Creek,  fossils  at 40 

Monterey  shale  on 35, 39 

analysis  of 45 

Eldridge  G.  H.,  on  geology  of  region 13-14,.50 

Eocene  rocks,  character  of ..         27 

description  of .      2t)-33 

fossils  in.  plates  showing 126, 128, 130 

Eocene  time,  history  in 60-67 

Escolle-Pinal-Folsom-Santa  Maria  Oil  and 

Gas  area,  description  of 98-99 

F. 

Fairbanks,  H.  W.,  on  geology  of  region 11-13, 

31,39,40.64-0,5,108 

Faults,"  occurrence  of 77-78, 85, 105 

Fernando  formation,  age  of 57-00 

contact  of  Monterey  and,  topographic 

expression  of 22 

character  of 54-55 

correlation  of 27, 52 

deposition  of 69-70 

description  of 52-60 

diatomaceous  earth  in 64-55 

view  of 98 

distribution  of 52, 57 

fossils  of 57-60 

plates  showing 144-154 

name  of 52 

oil  in 53 

stnicturc  of.  5t>-57 

terrace  deposits  and,  similarity  of 61-62 

thickness  of 52 
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Fernando  formation,  topography  on 

view  of 

Ficus  mamillatus  Gabb,  figure  showing .. 

mamillatus  Gabb,  ocounenoo  of 

Field  work,  period  and  extent  of 


Page. 
25 
46 
126 
32 
9 
Figueroa  Creek,  Fernando  gravel  on,  view 

of 46 

Folsom-Santa  Maria  Oil  and  Gas-EscoUe- 

Pinal  area,  description  of 08-99 

Foraminifera,  occurrence  of 39-40 

oil  from 110 

Ford,  H.  C,  on  burning  of  shale 48 

Fossils,  occurrence  and  character  of 28, 

32-33,58-60,110-111 

plates  showing. 126-154 

Fox-Hobbs-Pinal  area,  description  of 96-97 

Franciscan  formation,  character  of 27 

description  of 27-28 

Fugler  Point,  asphalt  at 78 

fossils  near 57-60 

oil  near , 79-^,91 

Fusus  occidentalis  Gabb,  occurrence  of..  ...        32 
sp.,  occurrence  of 58 

G. 

Galerus  inomatus  Gabb,  occurrence  of 58 

Gary,  asphalt  near 78 

oil  near 91 

Gas,  occurrence  of 95,96,98,104,106,118 

oil  flows  due  to 73-74 

Gasteropod  sp.,  occurrence  of 32 

Gasteropoda,  plate  showing 144 

Gato,  Canada  del,  oil  in  and  near 89-90 

Gato  Ridge  anticline,  oil  on .  89-90,91 

structure  of 88-89 

Geography  of  region,  outline  of 15-16 

Geologic  history,  outline  of 66-71 

Geologic  map  of  Santa  Maria  district... Pocket 

accuracy  of 9 

Geologic  sections,  plate  showing 74 

Geology,  bibliography  of 10-14 

columnar  section  showing 26 

description  ol 26-71 

previous  investigation  of 10-14 

Glycymeris  barbarensis  Conrad,  occurrence 

of 68 

veatchii  Gabb  var.  major  Stanton,  oc- 
currence of 32 

Graciosa  Ridge,  asphalt  on 88, 118 

diatomaceous  earth  on 38 

view  of 98 

fire  in .....: 48,51 

geology  on  and  near 49, 63 

Graciosa  wells,  fossils  near 57-60 

view  at 80 

Graclosa-Westem  Union  area,  description 

of 101,103 

Guadalupe  quadrangle,  part  of  region  in 15 

Gypsum,  occurrence  of 37 

H. 

nall-lIobbs-Rice  ranch  area,  description  of.  94-96 

Harris,  geology  near 52 

Harris  Canyon,  fossils  near 57-60 

Hartnell  anticline,  relations  of 87 

Haitnell-Brookflhlre  area, description  of..  99-101 
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Hartnell  well  No.  1,  gas  pressure  in 118 

saddle  at,  view  of 98 

yield  on 101 

Hill  wells,  fossils  near 57-60 

yield  of 106 

History,  outline  of 14 

History,  geologic,  outline  of 66-71 

Hobbs-Pinal-Fox  area,  description  of 96-97 

Hobbs-Rice  ranch-Hall  area,  description  of.  94-96 

Horsetown  formation,  correlation  of 27 

Howard  Canyon,  fossils  near 67-60 

oil  near 91 

Huasna  field,  development  in 14, 109 

structure  in 109 

Hunt,  Sterry,  on  occurrence  of  oil 71 

I. 

Igneous  rocks,  description  9f 64-66 

intrusion  of 66,69 

J. 

Jurassic  rocks,  character  of 27 

description  of 27-28 

K. 

Keeley,  F.  J.,  fossils  determined  by 40 

on  putrefaction  of  diatoms 112 

Kcnnerlia  sp.,  occurrence  of 68 

Knoxville  formation,  character  of 27 

description  of 28 

fossils  of,  plate  showing 128 

L. 

La  Zaca  Creek,  asphalt  near 118 

oil  and  asphalt  on 86 

La  Zaca  Creek-Llsque  Creek  anticline,  oil  in.       91 

structure  of 90-91 

Labrea  Creek,  asphalt  on 78 

Laguna  Seca,  Canada,  fossils  near 57-60 

Leda  orcutti  A  mold,  figure  showing 146 

orcutti  Arnold,  occurrence  of 58 

taphria  Dall,  figure  showing 146 

occurrence  of 58 

Lithodesmium    comigerum    Brun,    figure 

showing 142 

comigerum  Bmn,  occurrence  of 41 

Location  of  region 15 

Lorapoc,  development  near 14 

diatomaceous  earth  near 38 

geology  near 36 

oil  near 80 

structure  near. 80 

Lompoc  field,  description  of 104-107 

geology  of 106 

oil  in 106-107 

structure  of 104-105 

Lompoc  quadrangle,  part  of  region  in 15 

Lompoc  terrace,  definition  of 16 

Los  Alamos  Valley,  description  of 21 

geology  in  and  near 13,55,56 

Lospe,  Mount,  altitude  of 19 

geology  of 28 

Lucapina  crenulata  Sowerby,  occurrence  of.       58 

Lunatia  lewisii  Gould,  figure  showing 144 

occurrence  of 58 
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Lymneea  alamosensis  Arnold,  figures  show- 
ing   144 

alamosensis  Arnold,  occurrence  of 59 

Lyropecten  bowersi  Arnold,  figure  showing.  138 

bowersi  Arnold,  occurrence  of 32 

crassicardo  Ck>nrad,  figure  showing 138 

occurrence  of 32 

magnolia  Conrad,  figure  showing 134 

occurrence  of '..  32 

M. 

McKay  and  Mulholland  development  by. . .        14 

Macoma  nasuta  Conrad,  figure  showing 146 

nasuta  Conrad,  occurrence  of 50 

secta  Conrad,  occurrence  of 59 

sp.,  occurrence  of 59 

Mactra  uvasana  Conrad,  occurrence  of 32 

sp.,  occurrence  of 59 

Mann,  Albert,  on  origin  of  oil 110-111 

Map  of  Santa  Maria  field 92 

contours  of 92-93 

preparation  of 93 

Map,   geologic   and    structural,    of   Santa 

Maria  district Pocket 

Martinez  formation,  correlation  of 27 

Melosira  sulcata  Ehr.,  occurrence  of 40 

Merced  formation,  correlation  of 27 

Meretrix  uvasana  Conrad,  occurrence  of. . . .        32 

sp.,  occurrence  of 32 

Metamorphism  of  Monterey  shale,  by  heat...  48-52 

by  water 45-47 

Miltha  sp.,  occurrence  of 32 

Miocene  rocks,  character  of 27 

flescription  of 29-52 

fossils  in,  plate  showing 132-142 

occurrence  of. 12-13 

Miocene  time,  history  in 67-69 

Miopleiona  oregonensis  Dall,  occurrence  of.        59 

Modelo  formation,  correlation  of 27 

Modiolus  rectus  Conrad,  occurrence  of 59 

ynoziana  Arnold,  figure  showing. 132 

occurrence  of 32 

Monia  raacroschisma  Deshayes,  occurrence 

of 59 

Monterey  shale,  age  of 33,47 

alkalinity  of 37 

alteration  of.  by  water 45-47 

analyses  of 45 

burning  of 48-52 

See  also  Burnt  shale. 

character  of 3»-34 

chemical  composition  of 44-45 

contact  of  Fernando  and,  topographic 

expression  of 22 

correlation  of 27 

deposition  of 68-«9 

description  of 33-52 

diatoniaceous  earth  in .lV34,a5,38 

distribution  of 33 

divisions  of,  des<'riptions  of 34-38 

folds  and  faults  in 76-78 

folds  in,  view  of 46 

fossils  in 39-43 

plates  showing 140,142 

intrusions  in 65-66 

materials  of 38-43 
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Monterey   shale,  mechanical    composition 

of 38-44 

metamorphism  of,  by  burning 48^2 

microscopic  appearance  of 43-44 

monocline  in,  view  of 80 

name  of 33 

oil  in 33,123 

See  also  Oil. 

outcrops  of,  views  of 34,36 

structure  of 47,76-91 

thickness  of 47 

topography  on 24-25 

views  of 36 

Mount  Solomon  anticline,  description  of . . .  87-88 
See  also  Solomon,  Mount. 

Muricidea  sp.,  occurrence  of 50 

Mussel  Rock,  oil  near 83 

Mya  truncata  Linn^,  occurrence  of 50 

MytUus  mathewsonii  Qabb,  occurrence  of . .       32 
sp.,  occurrence  of 50 

N. 

Nassa  caiifomiana  Conrad,  figure  showing. .  150 

califomiana  Conrad,  occurrence  of 50 

waldorfensis  Arnold,  figure  showing 144 

occurrence  of 50 

Natica  clausa  Broderip  and  Sowerby.  figure 

showing 144 

clausa  Broderip  and  Sowerby,  occur- 
rence of 50 

Neverita  recluziana  Petit,  figure  showing. .  144 

recluziana  Petit,  occurrence  of 50 

sp.,  occurrence  of 32 

Newlo ve  anticline,  character  of 101-102 

Nucula  truncata  Oabb.  occurrence  of 32 

O. 

Oak  Canyon,  bitumen  in 84 

Ocinebra  lurida  MIddendorf ,  occurrence  of. .        59 
micheli  Ford  var.  waldorfensis  Arnold, 

figure  showing 144 

var.  waldorfensis  Arnold,  occurrence 

of 50 

OU,  age  of 113 

analyses  of 115-118 

burning  of 48-52 

character  of..  95,97,99,101,102,104,107-109,123 

chemical  properties  of .*.... 114-118 

color  of 114 

distillation  of 116 

flow  of,  causes  of 72-73 

future  development  of 79-80,86,88,90,91 

gas  and,  relations  of 73-74 

gravity  of 9;  114, 123 

migration  of 72-73 

occurrence  of,  conditions  affecting 71-91 

Indications  of 74-74, 

78,81,82-83,85,88,80-91 

theory  of 71-72 

odor  of 114 

origin  of 109-113, 123 

physical  prop««rties  of 113-114 

refineries  for 122 

stonige  of 121 

transportation  of 121 

utilization  of 122 

viscosity  of 114,116 
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Oil  companies,  list  of 119-120 

number  of 124 

Oil  fields,  detailed  descriptions  of 92-109 

See  also  particular  fields. 
Oil  wells,  character  of 123 

drilling  of 120 

geology  of 94-95 

oil  of 95,97,99, 101, 102, 104, 123 

yield  of.  9,96,97,99-104,107,109,120-121,123,124 
Oil  zones,  character  of 73,93-102,104 

geologic  position  of 94, 106-107 

Olivella  biplicata  Sowerby,  occurrence  of . . .        59 

intorta  Carpenter,  occurrence  of 59 

O'Neill,  Edmond.  analyses  by 1 17-118 

on  Santa  Maria  oil 117 

Opalia  anomala  Steams,  occurrence  of 59 

varicostata  Steams,  occurrence  of 59 

Orcutt,  fossils  near 58-60 

Orcutt,  W.  W..  work  of 87 

Orogenic  movements,  occurrence  of 66-70 

Ostreaeldridgei  Arnold,  figure  showing...  134,138 

eldridgei  Arnold,  occurrence  of 32 

idriaensis  Gabb,  figure  showing 130 

occurrence  of 32 

veatchii  Gabb,  figure  showing 148 

occurrence  of 59 

sp.,  occurrence  of 32 
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Panomya  ampla  Dall,  occurrence  of 59 

Panopea  generosa  Gould,  occurrence  of 59 

Patinopecten  healeyi  Arnold. figure  showing.  154 

healeyi  Arnold,  occurrence  of 59 

oweni  Arnold,  figure  showing 152 

occurrence  of 50 

Pecten  (Lyropecten)  bowersi  Arnold,  figure 

showing 138 

(Lyropecten)    bowersi    Arnold,    occur- 
rence of 32 

(Plagioctenium)  cerrocensis  Gabb,  oc- 
currence of 59 

(Lyropecten)  crassicardo  Conrad,  figure 

showing 138 

occurrence  of 32 

(Patinopecten)   healeyi   Arnold,   figure 

showing 154 

occurrence  of .T 59 

(Pecten)  hemphilli  Dall,  figure  showing.  152 

occurrence  of 59 

(Chlamys)  lawsoni  Arnold,  figure  show- 
ing   152 

occurrence  of 59 

(Amusium)  lompocensis  Arnold,  figure 

showing 138 

occurrence  of 32 

(Lyropecten)  magnolia  Conrad,  figure 

showing 134 

occurrence  of 32 

(Patinopecten)    oweni    Arnold,    figure 

showing 152 

occurrence  of 59 

(Chlamys)  sespeensis  var.  hydei  Arnold, 

figure  showing 136 

occurrence  of 32 

(Pecten)  steamsii  Dall,  figure  showing .  152 

oooorranceof 50 
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Pecten  var?vlecki  Arnold,  figure  showing  ...      136 

occurrence  of 32 

(Pecten)  wattsi  Arnold,  figure  showing.      152 

occurrence  of 59 

(Chlamys)     ynexiana     Arnold,     figure 

showing 126, 128 

occurrence  of 32 

Pectens,  plates  showing 152, 154 

Pelecypoda,  plates  showing 130, 136, 138 

Phacoides  acutilineatus  Conrad,  occurrence 

of 47 

annulatus  Reeve,  figu  re  showing 148 

occurrence  of 59 

cumulata  Gabb,  figure  showing 130 

occurrence  of 32 

intensus  Dall,  figure  showing 148 

occurrence  of 59 

nuttallii  Conrad   var.   antecedens   Ar- 
nold, figure  showing '  146 

var.  antecedens  Arnold,  occurrence 

of 59 

(Miltha)  sp.,  occurrence  of 32 

Pholadidea  ovoidea  Conrad,  figure  showing.      146 

ovoidea  Conrad,  occurrence  of 59 

sp.,  occurrence  of 59 

Pinal- Folsom-Santa  Maria  Oil  and   Gas- 

Escolle  area,  description  of 98-99 

Pinal-Fox-Hobbs  area,  description  of 96-97 

Pinal  Oil  Co.,  development  by 14 

Pine  Canyon  anticline,  description  of 83 

Pipe  lines,  location  of 121 

Plagioctenium  cerrocensis  Gabb,  occurrence 

of 59 

Platyodon  cancellatus  Conrad  var.,  occur- 
rence of 59 

Pleistocene  deposits,  character  of 27 

terraces  of.    See  Terraces. 

Pleistocene  time,  history  in 70 

Pleurotoma  (Borsonla)  sp.,  occurrence  of . .        59 

Pliocene  rocks,  character  of 27 

fossils  in,  plates  showing 144-154 

Pliocene  shells,  occurrence  of 13-14 

Point  Sal  Ridge,  definition  of .' 16 

geology  of 12-13,65 

Population,  number  of 15 

Price  Canyon,  oil  in 107 

Priene  or^onensis  Redfield  (Young),  figure 

showing 144 

oregonensis    Redfield    (Young),    occur- 
rence of 59 

var.  angelensis  Arnold,  occurrence 

of 59 

Production,  amount  of 9, 96, 97, 

99-104, 107, 109, 120-121 

Prutzman,  P.  W.,  analyses  by 115,117 

Purisima  formation,  correlation  of 27 

Purisima  Hills,  asphalt  in 85 

definition  of..    16 

description  of 21-22 

diatomaceous  earth  in 38, 54-55 

geology  in 56 

oil  in 84-86,91 

structure  of 84-85 

Purpura  crispata  Chemnitz,  figure  showing.      146 

crispata  Chemnitz,  occurrence  of 59 

Putrefaction,  rate  of,  influence  of,  on  pro- 

duotion  of  oil 112 
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Quaternary  deposits,  character  of 27 

description  of 60-64 

Quaternary  terraces,  description  of  2^-24, 25, 60-63 
Quaternary  time,  history  in 69-71 

R. 

Radiolaria,  occurrence  of 39,40 

Railroads,  access  by 15 

Rainfall,  amount  of 25-26 

Redrock  Mountain,  altitude  of 22, 49 

asphalt  near 85, 118 

geology  on 49 

oil  on 86 

Refineries,  statistics  of 122 

Relief,  description  of lfr-25 

R^sum^  of  paper 122-124 

Rice  ranch-Hobbs-Hall  area,  description  of.  94-96 
Rincon  Volcano,  duration  of 49 


S. 


Salsipuedes  Creek,  fossils  at 40 

Monterey  shale  on 35, 39 

analysis  of 45 

geology  on 62 

San  Antonio  terrace,  definition  of 16 

diatomaceous  earth  in 38 

oil  in 82-83. 91 

structure  of 81-82 

San  Lorenzo  formation,  correlation  of 27 

San  Luis  formation,  correlation  of 27 

San  Pablo  formation,  correlation  of 27 

San  Pedro  formation,  correlation  of 27 

San  Rafael  Mountains,  definition  of 15 

description  of 17 

geology  of 30. 31. 35. 55, 65, 68 

oil  in,  evidence  of 78 

future  development  of 79-80 

structure  of 76-78 

upheaval  of 69 

Sand,  occurrence  and  description  of 63-64 

Santa  Lucia  Canyon,  oil  near 91 

Santa  Maria  field,  contours  of 92-93 

map  of 92 

discussion  of 92-93 

oil  zones  in 93-94 

wells  of 93-104 

See  also  particular  areas. 
Santa  Maria  Oil  and  Gas  Co.,  lease  of,  fos- 
sils from 57-60 

Santa  Maria  Oil  and  Oas-EscoUe-Pinal-Fol- 

som  aroa,  description  of 98-99 

Santa  Maria  Valley,  description  of 19 

goologj^  of 62 

oil  in 91 

Santa  Rita  Mills,  definition  of 16 

description  of 23 

diatomaceous  earth  in 38 

geology  in 35, 57 

oil  in 81,91 

structure  in 80-81 

Santa  Rita  Valley,  geology  in 56 

Santa  Ynez,  diatomaceous  earth  near 38 

oil  near 86 

Santa  Ynez  anticline,  description  of 86 
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Santa  Ynez  Mountains,  definition  of 15 

description  of 18-19 

geology  of 1 1-12, 29, 31, 62, 66-67 

oil  in 80-81 

structure  of 80-81 

upheaval  of 69 

Santa  Ynez  Valley,  description  of 23 

Saxidomus  gnntcilis  Gould,  occurrence  of . . .       59 

sp.,  occurrence  of 50 

Scala  sp.,  occurrence  of 50 

Schumann,  fossils  near 57-60 

geology  near 54, 82 

Schumann  anticline,  description  of 81-82 

oil  in 91 

relations  of 87-«8 

Schumann  Canyon,  geology  near 66 

oil  near 91 

Sea-urchin  bed,  fossils  from 67-60 

Sedimentary  rocks,  correlations  of 27 

description  of 26-64 

Serpentine,  occurrence  of 65 

Sespc  formation,  character  of 29 

correlation  of 27 

description  of 29-33 

occurrence  of 29 

Shale,  fractured,  accumulation  of  oil  in 73-74 

Sigaretus  debilis  Gould,  occurrence  of 59 

Silica  in  Monterey  shale,  origin  of 41-42 

Silicification,  effect  of 47 

Siliqua  edentula  Gabb,  occurrence  of 59 

Sisquoc,  asphalt  near 78 

fossils  near 57-60 

geology  near 54,56,65 

oil  near 79,91 

Sisquoc  River,  asphalt  on 78 

Monterey  shale  on,  view  of 34 

Solen  sicarius  Gould,  figure  showing 59 

sp.,  occurrence  of 32 

Solomon,  Mount,  altitude  of 20 

asphalt  on 88 

geology  near 54 

oil  in 88,91 

structure  of 87-88 

Solomon  Hills,  definition  of 16 

description  of 20-21 

geology  of 56 

Spisula  catilliformis  Conrad  var.  alcatraz- 

ensis  Arnold,  figure  showing 148 

catilliformis  Conrad  var.  alcatrazensis 

Arnold,  occurrence  of 59 

sisquocensis  Arnold,  figure  showing 148 

occurrence  of 59 

Sponge  spicules,  occurrence  of 42 

Structural  map  of  Santa  Maria  district . , .  Pocket 
Structure,  detailed  discussion  of.  75-91, 103-ia'i,  108 

lines  of,  convergence  of 18-19 

map  showing 92 

origin  of 75 

topography  and,  relations  of 24-25 


Tapes  lacineata  Carpenter,  occurrence  of . . .  60 

staleyi  Gabb,  occurrence  of 60 

tenerrima  Carpenter,  figure  showing. . .  146 

occurrence  of 60 
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Tejon  formation,  character  of 29 

correlation  of 27 

description  of 29-33 

fossils  of 31-32 

plates  showing 128, 128, 130 

TelUna  bodegensis  Ilinds,  occurrence  of 60 

sp.,  occurrence  of 32,60 

Tepusquet  Creek,  asphalt  on 78 

geology  on 28,65 

oil  near 91 

Terebratalla  kennedyi  Dall,  figure  show- 
ing        186 

occurrence  of 33 

occidentalis  Dall,  figure  showing 146 

occurrence  of 60 

Terraces,  description  of 23-24, 25, 60-«2 

origin  of 63 

Tertiary  rocks,  character  of 27 

Tertiary  time,  history  in 66-70 

Thalotia  caffea  Gabb,  figure  showing 144 

occurrence  of GO 

Thracia  trapezoides  Conrad,  occurrence  of.       60 

Thyaslra  gouldii  Philippi,  occurrence  of 60 

Topatopa  formation,  correlation  of 27 

Topography,  description  of, 16-26 

structure  and,  relations  of 24-25 

Tresus  nuttali  Conrad,  occurrence  of 60 

Tritonium  sp.,  occurrence  of 60 

Trochita  radians  Lamarck,  figure  showing.      144 

radians  Lamarck,  occurrence  of 60 

sp.,  occurrence  of 60 

Trophonvaquerosensis  Arnold,  figure  show- 
ing       132 

vaquerosensis  Arnold,  occurrence  of 33 

Turritella  cooperi  Carpenter,  figure  showing     144 

cooperi  Carpenter,  occurrence  of 60 

ineziana  Conrad,  figure  showing 134 

occurrence  of 33 

martinezensis   Gabb   var.   lompocensis 

Arnold,  figure  showing 128 

var.  lompocensis  Arnold,  occurrence 

of 32 

uvasana  Conrad 126,128 

occurrence  of 32 

variata  Conrad,  occurrence  of 33 

sp.  occurrence  of 33 
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Uncomformities,  positions  of 27 

V. 

Vaqueros  formation,  character  of 29,31 

correlation  of 27 

deposition  of 67 

description  of 29-33 

fossils  of 31-33 

plates  showing 132-138 

Vegetation,  description  of 26 

plates  showing 46,80 

Venericardia calif ornica  Dall,  figure  showing      148 

califomica  Dall,  occurrence  of 60 

planicosta  Lamarck,  figure  showing 128 

occurrence  of 32 

Volcanic  ash,  deposition  of 68 

occurrence  of 30-31,37 

outcrop  of,  view  of .^ 34 

Volcanic  eruptions,  occurrence  of 68-60 

W. 

Waldorf,  fossils  near 67-60 

geology  near 54 

Water,  artesian,  presence  of 72-73 

WeUs,  water  in 72-75,95-97, 103 

See  also  Oil  wells. 
Western  Union  anticline,  description  of. . .  87,103 

Western  Union  Oil  Co.,  development  by 14 

wells  of,  description  of 103-104 

fossils  near 57-60 

view  at 80 

Western  Union-Graciosa  area,  description 

of 101-103 

White,  I.  C,  on  occurrence  of  gas 71-72 

Whitney,  J.  D.,  on  geology  of  region 11 

Wise  &  Denigan  well,  asphalt  near 85 

Z. 

Zaca  Canyon,  asphalt  in 78 

Zaca  Creek,  asphalt  and  oil  on 85, 86 

Zaca  Lake,  geology  near 27 

view  near 46 
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EXPERIMENTAL  WORK  CONDUCTED  IN  THE  CHEMICAL 
LABORATORY  OF  THE  UNITED  STATED  FUEL-TESTING 
PLANT,  ST.  LOUIS,  JANUARY  i,  1905,  TO  JULY  31,  1906. 


By  N.  W.  Lord. 


INTRODUCTION. 


The  experimental  work  reported  upon  herein  was  performed  at  the 
laboratory  of  the  United  States  fuel-testing  plant  on  the  grounds  of 
the  Louisiana  Purchase  Exposition  at  St.  Louis,  Mo.,  between  Janu- 
ary- 1,  1905,  and  July  31, 1906,  and  was  undertaken  for  the  purpose  of 
checking  the  results  obtained  in  the  routine  work  of  the  laboratory, 
improving  the  methods  of  working,  and  investigating  the  chemical  and 
physical  properties  of  coal.  The  laboratory  having  been  designed 
primarily  for  the  analysis  of  the  coal  samples  sent  to  the  fuel-testing 
plant,  as  well  as  those  taken  in  connection  with  the  regular  testing 
operations  of  the  boiler,  gas-producer,  and  other  divisions  of  the  plant, 
only  a  very  small  proportion  of  the  time  of  the  force  was  available  for 
experimental  work  outside  of  the  regular  routine. 

From  the  nature  of  such  work  it  was  not  possible  to  s(»parate  the 
results  obtiiined  in  1905  from  those  obtained  in  1906,  especially  as 
many  of  the  experiments,  such  as  those  on  the  alteration  of  coal, 
involved  a  long  time  and  were  started  in  1905  and  continued  to  the 
middle  of  1906.  This  report  therefore  covers  all  such  work  up  to 
its  completion  in  July,  1906. 

The  complete  history  of  the  coals  used  in  th(»se  expiM'iments  is  not 
given,  the  samples  l)eing  usually  r(»ferre<:l  to  by  their  laboratory  num- 
bers only,  as  such  information  is  general I3'  not  necessary  and  does  not 
aflfect  the  interpretation  of  the  results  obtiined  in  the  experiments. 
Fuller  information  as  to  an}^  particular  sample  may  be  found  in  the 
published  reports  of  the  fuel-testing  plant  for  1905  and  1906. 

In  the  following  pages  the  results  of  each  line  of  experimental 

work  are  given  under  a  special  heading  indicating  the  object  of  the 

investigation. 
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EXPERIMENTAL    WORK    IN    FUEL   TESTING. 


While  many  of  the  investigations  can  only  be  regarded  as  pre- 
liminary, it  is  believed  that  the  mass  of  the  results  will  be  of  value  in 
shedding  light  on  some  matters  of  general  interest. 

ACCURACY   OF  METHOD   OF   TAKING   CAR  SAMPLES. 

The  regular  method  of  taking  car  samples  has  been  fully  described 
under  '^  Sampling  "  in  Professional  Paper  No.  48,  page  175.  To  check 
the  accuracy  of  this  method,  check  samples  on  two  cars  of  coal  rather 
high  in  moisture,  ash,  and  sulphur  were  taken  at  the  same  time  that 
the  regular  sample  was  taken,  by  opening  a  gate  in  the  conveyor  run- 
way every  four  or  five  minutes,  and  thereby  allowing  the  contents  of 
one  or  two  buckets  passing  at  that  time  to  be  emptied  into  a  small  bin. 
In  this  way  a  sample  of  1,200  to  1,500  pounds  was  taken  during  the 
unloading  of  the  car.  This  sample  was  then  put  through  a  small 
crusher,  crushed  to  i-inch  size,  and  resampled  at  the  conveyor  buckets, 
and  a  sample  was  sent  to  the  chemical  laboratory  for  analysis.  In  the 
following  table  the  Indiana  coal  was  a  run-of-mine  coal,  and  the 
amount  sampled  was  approximately  20  tons;  and  the  Ohio  coal  was 
a  run-of-mine  coal,  and  the  amount  sampled  was  approximately  26 
tons. 

Moisture  J  ash,  and  sulphur  determinations  from  samples  of  two  cars  of  run-of-mine  coal. 


Constituent. 


Indiana  coal. 


Ohio  coal. 


Regular 
sample. 


Moisture 

Ash 

Sulphur. 


10.80 

12.62 

4.39 


Check 
sample. 

Regular 
sample. 

10.47 

12.92 

4.43 

9.01 

11.88 

4.02 

Check 
sample. 

9.43 

11.59 

4.02 


For  coals  containing  such  high  percentages  of  ash  and  sulphur  the 
agreement  between  these  indi^pendently  taken  .samples  is  satisfactory. 
It  indicates,  so  far  as  the  sampling  is  concerned,  that  the  analytical 
work  may  be  taken  as  closely  representing  the  avemge  of  the  carload. 


MOISTURK     LOSS   IN    (H)ARSK   SAMPLKS   FROM    STANDINiJ    IN   COVERED 

METAL    PAILS. 

The  hirge  samples  from  the  fuel-testing  plant  were  sent  to  the  labora- 
tory in  closed  metal  pails,  and  some  of  them  were  allowed  to  stand  in 
the  pail  several  hours,  or  occasionally  ov(»r  night,  before  sampling. 
To  see  if  any  considerable  amount  of  moisture  might  be  lost  in  this 
way,  a  portion  of  the  wet  sample  from  the  washery  (Pennsylvania  No. 
9  coal)  was  taken  as  the  most  favorable  case,  and  allowed  to  stand  for 
five  days  in  the  clo.sed  pail  in  the  laboratory  b(»fore  sampling.  The 
average  temperature  for  the  iive  days  was  18"  C,  and  the  atmospheric 
humidity  60  per  cent.     The  percentages  of  moisture  determined  by 
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analysis  of  this  sample,  and  analysis  of  the  portion  of  the  sample 
reduced  at  once,  are  as  follows: 

Per  cent. 

Portion  sampled  at  once 5. 07 

Portion  sampled  after  standing  five  days 4. 58 

Loss  by  standing 49 

These  coals  dry  down  to  about  1  per  cent  moisture,  so  that  the 
loosely  held  and  surface  moisture  amounted  to  about  4  per  cent. 
From  this  experiment  the  moisture  loss  which  occurs  during  the  short 
time  that  the  sample  usually  is  allowed  to  stand  in  the  laboratory 
before  sampling  would  appear  to  be  unimportant. 


INVESTIGATION   OF   MOISTURE   LOSSES   DURING   SAMPLING. 

In  preparing  the  samples  for  these  tests  the  coarse  sample  (40  to  50 
pounds  in  weight),  when  received  at  the  laboratory,  was  divided  by 
quartering.  One  portion  of  500  grams  was  at  once  ground  without 
air  drying  in  the  ball  mill.  Another  portion  of  about  5  to  10  pounds 
was  air  dried  in  the  usual  way  before  the  final  pulverization.  The 
results  (reduced  to  sample  as  received)  in  moisture  and  ash  for  the 
two  portions  are  as  follows: 

Moisture  and  ash  determinations  on  air-dried  samples  and  fresh  samples  of  coal. 


Designation  of  sample. 

Regular  sample 
(air  dried). 

Fresh  sample  (not 
air  dried). 

Moisture. 

Ash. 

Moisture. 

Ash. 

Illinois 

f      13.64 
t      13. 72 
S3.K'> 
5.19 
10.57 
15.68 
13.47 
13.  »0 
11.91 

10.74 
10. 32 
7.30 
14.01 
11.65 
15. 59 
11  53 
11.74 
13.01 

«9  36 
11.92 
33  00 
3  5« 
9.96 
11. 7h 
12  43 
12  ftS 
11  58 

11.37 

Texas  No.  4 

10.40 
7.65 

Arkansas  No.  8 

14.16 

Indiana  No.  12 

11.98 

Illinoi.<<  No.  23  B 

16.11 

niinois  No. '23  A 

11.63 

Miftsouri  No.  (5 

11.15 

Illinois  No.  22  A 

12. 67 

aThis  sample  was  ground  vory  tine  in  ball  mill,  which  probably  accounts  for  the  loss  being  so  large. 

The  results  obtained  for  moisture  from  the  original  samples  that 
were  ground  down  without  preliminary  air  drying  are  without  excep- 
tion decidedly  lower  than  the  results  obtained  from  the  regularly  pre- 
pared air-dried  samples  when  calculated  to  the  .sample  as  received, 
the  greatest  diflFerence  being  over  i  per  cent  and  the  average  difference 
over  1^  per  cent.  Furthermore,  the  fine  sample,  after  being  ground 
without  previous  air  drying,  as  shown  by  experiments  (see  pp.  13-17), 
gives  up  moisture  so  readily  as  to  indicate  that  a  large  additional  loss 
during  the  handling  and  weighing  of  the  sample  in  the  laboratory  is 
almost  certain.  The  consequent  errors  due  to  moisture  losses  are 
liable  to  be  so  large  as  to  affect  very  seriously  the  accuracy  of  the 
results  obtained. 
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DETERMINATION    OF   ERRORS    DUE    TO  ABRASION   OF    PEBBLES    USED  IN 

BALL   MILL. 

i 

During  the  Louisiana  Purchase  Exposition  the  final  pulverization  of 
the  samples  was  done  on  a  bucking  board.  In  the  work  done  during 
1905  the  final  grinding  of  the  sample  was  done  in  closed  jars  in  the 
ball  mill,  quartz  pebbles  being  used. 

In  order  to  determine  whether  there  was  danger  of  materially  increas- 
ing the  ash  contents  of  the  samples  from  chipping  and  abrasion  of  the 
pebbles  used  in  grinding,  these  pebbles  were  carefuU}'^  weighed  at  inter 
vals  and  the  amount  of  loss  determined.  The  weight  of  the  sample 
ground  each  time  in  the  ball  mill  is  approximately  500  grams,  and  the 
a])rasion  of  the  pebbles  (calculated  as  percentage  of  the  weight  of  the 
samples  ground)  wus  also  carefully  determined.  The  results  on  three 
weighed  lots  of  pebbles  are  as  follows: 

Losses  of  weight  in  three  lots  of  quartz  pebbles  before  and  after  grinding  in  the  ball  mill. 


Lot. 


Total 

weight  of 

samples 

ground. 


No.  1  (250  sample.s  ground) 
No.  2  (230  samples  ground) 
No.  3  (245  samples  ground) 


Grams. 
125,000 
115.000 
122,500 


Weight  of  pebbles. 

IjOss  by  abrasion. 

Before 
gfindiug 

After 
grinding. 

Actual. 

Ratio  to 

coal 
ground. 

Grams. 
4,118.6 
3.502.9 
4,273.2 

Grams. 
4.113  1 
3.499.4 
4,268.3 

Grams. 
6.6 
3.6 
4.9 

Percent. 
0.004 
.008 
.004 

These  results  show  that  as  far  as  the  fine  pulverization  of  the  coal  is 
concerned,  there  is  little  or  no  danger  of  increasing  the  ash  content 
of  the  sample  appreciably  by  using  quartz  pebbles  as  the  grinding 
medium.  The  pebbles  used  show  no  tendency  to  chip,  as  the  loss 
between  weighings  taken  before  and  after  25  to  50  samples  were 
ground  in  no  case  amounted  to  over  1  gram,  the  abmsion  being  in  all 
cases  approximately  proportional  to  the  weight  of  samples  ground. 


COMPARISON    OF    RKSULTS   OF  AIR    DRYING     IN    THE    SPECIAL   OVEN   AND 

BY  EXPOSURE. 

The  samples  as  received  at  the  laboratory  were  dried  to  approxi- 
mately an  air-dry  condition,  before  their  final  pulverization,  in  an 
oven  especially  designed  for  this  purpose.  To  find  out  how  nearly  this 
method  of  drying  approximates  air  drying  under  ordinary  conditions, 
the  following  tests  were  made: 

The  loss  in  weight  of  samples  of  different  coals  allowed  to  air  dry 
under  observed  conditions  of  temperature  and  humidity  was  deter- 
mined by  allowing  portions  of  the  coarse  samples  spread  on  trays  to 
remain  exposed  to  the  air  of  the  laboratory  for  periods  of  time  rang- 
ing from  seven  to  twenty  days.     The  samples  were  weighed  from  time 
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to  time  and  the  drying  continued  until  the  weight  remained  almost 
constant.  The  air-drying  loss  of  these  samples  and  the  loss  in  weight 
of  the  corresponding  regular  samples  dried  in  the  dryer,  with  the 
amount  of  moisture  remaining  in  the  dryer  samples,  are  tabulated 
below.  In  most  of  the  samples  the  dryer  loss  is  not  widely  different 
from  the  loss  on  the  air-dry  sample.  Special  exceptions  are  Nos.  1960 
(Indiana  No.  9  B)  and  1390  (Wyoming  No.  6),  on  which  samples  the 
dryer-sample  loss  is  decidedly  larger  than  that  on  the  samples  dried 
by  exposure  to  the  air  of  the  laboratory.  The  samples  dried  during 
the  summer  months  were  exposed  to  air  of  a  high  average  humidity 
(60  per  cent),  as  the  temperature  and  humidity  of  the  laboratory  were 
approximately  that  of  the  outdoor  air  for  that  period.  The  samples 
dried  during  the  winter  months  were  exposed  to  air  of  low  avemge 
humidity  (30  per  cent),  as  the  temperature  of  the  laboratory  was 
decidedly  higher  than  that  of  the  outdoor  air,  with  approximately  the 
same  absolute  amount  of  moisture  present  in  the  laboratory  and  in  the 
outdoor  air.  The  humidity  of  the  warmer  laboratory  air  is  conse- 
quently low.  The  percentage  of  moisture  remaining  in  the  samples 
dried  by  exposure  to  the  air  of  the  laboratory  was  determined  by 
adding  or  subtracting  (according  to  whether  it  was  plus  or  minus)  the 
difference  between  the  loss  in  the  dryer  and  the  loss  in  the  exposed 
sample  to  the  moisture  remaining  in  the  "  dryer  sample,"  as  given  in 
the  table  below: 

Results  of  tests  for  moisture  in  samples  of  coal. 


Sample  of  coal. 

Moi.sti 

ire  in  sa 

coarse 
le,  as 
'd— 

mple. 
After  d 

rying— 

Time  of 
drying 
by  ex- 
posure 

Days. 
17 
13 
19 
14 
16 
16 
18 
17 
11 
12 

9 
19 
10 
11 
17 
16 
18 
14 
21 

8 
18 

9 
11 
10 
16 

Air  of  labora- 
tory. 

Labora- 
tory 
num- 
ber. 

Field  number. 

As  re- 
ceived. 

LosM  on 

samp 

drit 

Tem- 
I>era- 
ture. 

Humid- 
ity. 

By  ex- 

(M>8ure. 

In 
dryer. 

Per  ct. 
1  40 
1  20 
1.40 
1.40 
1.40 
1.90 
1.70 
2.00 
2.  r)0 
2.10 
2.40 
3.00 
2.80 
4.40 
2.10 
4.90 
4.20 
6.30 
3.70 
11.20 
10.70 
9.1M) 
12. 40 
13. 20 
11.30 

Byex- 
posuie 
(calcu- 
lated). 

In 
dryer. 

3294 

New  Mexico  No.  5 

Per  et 
2. 72 
2.72 

2  75 
2.78 
2.81 
2.89 

3  38 
3.45 
3.46 
3.57 
4.06 
4.36 
4.3G 
5.57 
5.83 
C.27 
9.95 

10.47 
11.44 
13.03 
13.53 
14.30 
14.68 
15.68 
19.00 

Per  ct. 
1.60 
0.30 
1.40 
0.40 
0  60 
1.98 
1.60 
1.50 
2.07 
2.24 
2.59 
2.20 
1.77 
3.89 
2.30 
4.20 
3.62 
6.02 
4.10 
9.74 
7.13 
8.12 
11.80 
13.98 
7.50 

Per  el. 
1.14 
2  44 
1.37 
2  40 
2.23 
0.93 
1.81 
1.9X 
1.43 
1.36 
1.51 
2. 20 
2.  r.3 
1.73 
3.61 
2.14 
6.58 
4.73 
7.64 
3. 52 
6.74 
6.68 
3.20 
2.08 
12. 48 

Per  ct. 
1.34 
1.54 
1.37 
1.40 
1.43 
1.01 
1.71 
1.48 
1.00 
1.50 
1.70 
1.40 
1.60 
1.22 
3.81 
1.44 
6.00 
4.45 
8.01 
2.06 
3.17 
6.20 
2.60 
2.86 
8.68 

°  a 

25 
25 
25 
24 
26 
21 
25 
25 
21 
19 
25 
25 
24 
18 
25 
26 
27 
27 
25 
23 
27 
22 
23 
24 
27 

Per  et. 
63 

3265 

Alflibftma  Nn  3 

(>4 

8308 

3331 
8406 
2626 
8315 
3295 
2332 
2572 
2420 
8807 
2528 

New  Mexico  No.  3 

New  Mexico  No.  4  A 

Indian  Territory  No.  2  B . . 

West  Virginia  No.  20 

New  Mexico  No.  4  B 

New  Mexico  No  3  A 

West  Virginia  No.  17 

West  Virginia  No.  21 

VlrginiaNo.  1 

New  Mexico  No.  3  B 

Kentucky  No.  5 

63 
62 
64 
26 
62 
63 
47 
28 
27 
63 
31 

2264 
3286 

West  Virginia  No.  16  B. . . . 
UtahNal 

57 
63 

3405 
1761 

Indian  Territory  No  2  B . . 
Illinois  No.  15 

64 
64 

1876 

Indfanft  No,  6 

64 

3225 

Wyominsr  No.  5 

53 

2896 

Ilunois  No.  22  B 

35 

1960 

Indiana  No.  9  B 

67 

2686 
2781 

Washington  No.  1  B 

Illinois  No.  20 

28 
34 

2808 

Illinois  No.  23  B 

31 

8890 

Wyomlnff  No.  6.  

64 

i 
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These  values  show  that  on  most  of  the  coals  tested  drying  in  the 
drier  brought  the  sample  to  approximately  an  air-dry  condition.  No 
eflfort  had  been  made  to  do  more  than  this,  as  the  primarj^  abject  in 
the  air  drying  is  to  get  the  sample  into  such  a  condition  that  the  fine 
sample  will  not  be  subject  to  large  moisture  changes  during  subsequent 
handling  in  the  laboratory.  The  air  drying,  therefore,  is  not  to  be 
understood  as  being  a  rigidly  fixed  determination;  but  it  has  been 
found  that  the  values  obtained  as  a  rule  are  within  a  sufficiently  defi- 
nite range  to  give  this  determination  some  importance  as  showing  the 
effect  of  standing  and  exposure  on  the  percentage  of  moisture  in  the 
coal.  This  matter  is  of  considei-able  commercial  importance,  since,  so 
far  as  the  moisture  content  is  concerned,  coals  having  a  large  air- 
drying  loss  are  obviously  much  more  affected  than  coals  having  a 
small  air-drying  loss.  It  further  has  appeared  that  the  amount  of 
residual  moisture  in  the  air-dried  sample  prepared  under  the  described 
conditions  usually  lies  within  a  range  which  is  somewhat  characteristic 
of  different  kinds  of  coal. 

The  foregoing  table  shows  this  residual  moisture  to  be  about  1  per 
cent  in  the  West  Virginia  coals,  3  to  6  per  cent  in  the  Illinois  and 
Indiana  coals,  and  from  10  to  12  per  cent  in  the  Wyoming  samples. 

COMPARISON     OF    RESULTS     FOR    MOISTURE     OBTAINED     FROM    SAMPLES 

PULVERIZED  BY   VARIOUS   METHODS. 

The  possibility  of  moisture  lo.ss  during  grinding  on  a  bucking  board 
has  already  been  referred  to.  In  order  to  obtain  more  data  upon 
different  coals  and  under  observed  conditions  of  tempei^ature  and 
humidity,  duplicate  portions  of  a  number  of  samples  were  ground 
down  upon  the  bucking  board  and  the  moisture  determinations  made 
upon  these  portions.  At  the  same  time  portions  of  the  coal  which 
had  only  passed  the  1  10-inch  mesh  sieve  in  the  process  of  sampling 
were  reserved  as  samples  for  determining  moisture  in  the  coal  at  this 
size.  The  moisture  was  determined  in  these  samples  by  drying  5 
grams  for  one  hour  in  the  air  ])ath,  instead  of  1  gram  as  in  the  regular 
determination.  The  moisture  results  on  these  samples  and  the  results 
upon  the  regular  samples  ground  down  in  the  ball  mill,  together  with 
the  temperature  and  humidity  conditions  of  the  laboratory  at  the  time 
of  sampling,  are  given  in  the  following  table: 


M0I8TDRB  AS  AFlTEOrED  BT  PULVERIZATION. 
BetulUfor  moisture  from  tool  nainpies  variously  jnUverized. 
Siunpli]  111  voal. 


Field  number. 


Bncklng 


Ball  mill. 


'mwh''    Tanper-  j  Humid- 
Bieve. 


Arkanui  No.  IB.. 
AlkUlHS  KO.  T  A.  T 


I11lD0lBtIO.lID  .. 


Iiu>lilIo.22B.. 


iQdluaNo.lO... 


IgdliuiTeRlIiHni  tio,  1 


Feniuylvanlk  No,  ft  A 
PeuiuylTBDla  No.  a  H 
PemurlTuils  No.  H. . . 


TexuKa* . 

tlliih  No.  1  . . 
VJixllilii  No, 
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Results  for  moisture  from  coal  samples  tyariously  pulverized — Ck)ntinued. 


Sample  of  coal. 


Labora- 
tory 
num- 
ber. 


2368 
2687 
2686 
2250 
2028 
2004 
2332 
2527 
2549 
2572 
2131 
3213 
3390 


Field  number. 


Virginia  No.4 

Washington  No.  1  A . . 
Washington  No.  IB.. 
West  Virginia  No.  4  B 
West  Virginia  No.  13  . 
West  Virginia  No.  14  . 
West  Virginia  No.  17  . 
West  Virginia  No.  18. 
West  Virginia  No.  19  . 
West  Virginia  No.  21  . 

Wyoming  No.  2  B 

Wyoming  No.  5 

Wyoming  No.  6 


Moisture  in  sample  from — 


Bucking 
board. 

Ball  mill. 

Per  cent. 

Per  cent. 

2.35 

2.40 

5.38 

5.98 

4.55 

5.20 

1.45 

1.35 

1.10 

1.17 

2.00 

2.05 

1.15 

1.00 

1.29 

1.28 

0.65 

0.68 

1.43 

1.50 

4.57 

4.65 

5.61 

6.00 

8.90 

8.68 

• 

TV^iich 
mesh 
sieve. 


Percent. 
2.28 
6.85 
4.65 
1.19 
1.15 
2.05 
1.00 
1.13 
0.65 
1.44 
4.48 
6.04 
8.24 


Air  of  laboratory. 


Temper- 
ature. 


•C. 


28 
20 
20 
23 
23 
34 
20 
23 
22 
20 
23 
31 
32 


Humid- 
ity. 


Per  cent. 
26 
24 
24 
69 
69 
50 
69 
37 
22 
24 
85 
46 
56 


The  results  for  moisture  obtained  on  the  5-gram  portion  of  the 
coarse  sample,  as  a  rule,  run  from  0.1  to  0.2  per  cent  lower  than  the 
moisture  value  as  determined  upon  the  sample  ground  in  the  ball  mill. 
In  a  few  cases  the  moisture  result  on  the  coarse  sample  is  somewhat 
higher  than  the  result  on  the  ball-mill  sample,  while  in  a  few  other 
cases,  noticeably  the  lignite  samples  from  California  and  Texas,  the 
moisture  result  on  the  coai'se  sample  is  decidedly  lower.  This  result, 
as  shown  by  tests  on  sample  1680,  California  No.  1,  may  be  ascribed 
to  the  fact  that  the  moisture  in  a  coarse  sample  of  lignite  is  very 
incompletely  expelled  by  one  hour's  heating.  An  additional  two  hours 
of  heating  upon  this  sample  resulted  in  an  increased  moisture  value 
of  over  0.7  per  cent.  As  a  method  applied  to  any  and  all  coals,  the 
determination  of  the  moisture  in  the  fine  sample  appears  to  be  prefer- 
able to  the  determination  in  the  coarse  sample.  The  results  obtained 
for  moisture  upon  the  samples  ground  down  on  the  bucking  board,  as 
compared  with  the  results  obtained  on  the  samples  ground  down  in 
the  ball  mill,  show  that  the  bucking-board  samples  may  either  gain  or 
lose  moisture,  depending  on  the  thoroughness  of  the  preliminary  diy- 
ing  of  the  coarse  samples  and  the  humidity  of  the  air  in  the  laboratory 
at  the  time  of  sampling.  For  Illinois  coals  previously  dried  down  to 
a  moisture  content  of  about  5  or  G  per  cent,  tiie  l)ncking-board  sample 
took  up  moisture  during  grinding  when  the  humidity  was  high  (70 
per  cent  or  more).  On  the  other  hand,  with  low  humidity  (20  to  30 
per  i^ent),  the  moisture  loss  during  grinding  was  considerable,  and  a 
careful  study  of  the  results  obtained  upon  the  bucking-board  sample, 
as  compared  with  the  results  on  the  ball-mill  sample,  taken  in  connec- 
tion with  the  humidity  changes,  shows  that  any  success  in  attempting 
to  work  the  sample  down  on  the  bucking  board  without  danger  of 
m6isture  changes  is  pmctically  impossible  of  realization,  and  that  the 
sample  ground  down  on  the  bucking^  board  can  not  be  in  any  case 
regarded  as  entirely  satisfactory  on  account  of  the  danger  of  moisture 
changes  during  the  sampling.     The  experiments  reported  under  the 
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following  heading,  showing  the  rapid  changes  in  moisture  in  coal 
samples  when  spread  on  the  watch  glass,  indicate  that  there  is  proba- 
bly a  slight  gain  or  loss  of  moisture  in  the  ball-mill  sample  even  dur- 
ing the  short  time  that  this  sample  is  exposed  to  air  during  sampling, 
and  that  this  change  may  be  considerable  if  the  coarse  sample  be  very 
far  from  an  air-dried  condition  before  being  ground  down.  The 
grinding  down  of  samples  in  the  ball  mill  can  not,  therefore,  be  con- 
sidered as  perfectly  satisfactory  in  so  far  as  moisture  (changes  are 
concerned;  but  this  method  of  grinding,  in  connection  with  the  pre- 
liminary drying  of  the  coarse  sample,  is  much  more  satisfactory  and 
reliable  than  any  other  practical  method  that  has  been  devised  of 
which  the  writer  has  any  knowledge.  Therefore  it  appears  that  the 
handling  of  samples  in  this  manner,  as  compared  with  the  practice  in 
most  general  use,  is  an  important  step  in  the  direction  of  securing  a 
sample  for  analysis  with  a  minimum  amount  of  unaccounted-for  changes 
in  moisture. 


CHANGES  IN  MOISTURE    CONTENT    OF    FINE    SAMPLES    OF    COAL    UNDER 

MODIFIED   CONDITIONS. 

That  coal  in  a  fine  condition  changes  rapidly  in  moisture  content  is 
well  known.  In  order  to  obtain  definite  information  as  to  the  rate  of 
this  change  a  number  of  tests  were  made  on  coals  under  different  con- 
ditions. The  first  selection  for  testing  was  a  fine  sample  (No.  1638  C)  of 
undried  Illinois  coal,  containing  12.4  per  cent  moisture.  One  gram 
of  this  sample  was  spread  out  on  a  4-in(*h  watch  glass  and  weighed  at 
intervals,  a  record  of  the  temperature  and  humidity  being  taken 
at'  the  time  of  the  different  weighings.  A  second  series  of  tests  was 
also  made  on  a  10-gram  portion  of  this  sample  spread  upon  a  4-inch 
watch  glass.  A  third  series  of  tests  was  made  upon  another  portion 
of  this  sample  (17.2  grams)  by  allowing  it  to  stand  in  an  open,  wide- 
mouthed  2-ounce  bottle  and  weighing  at  intervals.  The  results  for 
these  three  series  of  tests  are  as  follows: 

Changes  in  moisture  content  of  sample  ( No.  16S8  C)  of  undried  Illinois!  coal. 
FIRST  SERIES— 1  GRAM  ON  4-INCH  WATCH  GLASS. 


-..j_  j.. 

Air  of  laboratory. 

Time  Interval  between  weiKhingH. 

IX)SS  or  gam  lit 

weight. 

Tempera- 
ture. 

°  C. 
22 

Humid- 
ity. 

6  minutes 

Orams. 
-0.0202 

-  .0075 

-  .0090 

-  .0110 

-  .0350 

-  .0120 
+  .0140 
+  .0060 

-  .0127 
+  .0007 

-  .0175 

Percent. 

-  2.02 

-  .75 

-  .90 

-  1.10 

-  3.50 

-  1.20 
+  1.40 
+    .60 

-  1.27 
+    .07 

-  1.76 

Percent. 
21 

5  minutes 

16  minutes 

If  hours 

26 
24 
28 
25 
18 
27 
32 
82 

50 

24  hours 

36 

24  hours 

36 

25  hours 

63 

42  hours 

64 

104  hours 

35 

15  dfl-ys 

41 

48  days..... 

56 

Totel  loHH  In  72  dnys , . .  t  r . ,  r . , . 

10.42 
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Changes  hi  moisture  content  of  sample  {No.  16S8  C)  of  undried  lUinois  coal — Continaed. 

SECOND  SERIES— 10  GRAMS  ON  4.1NCH  WATCH  GLASS. 


Time  interval  between  weighingr9. 


LoHS  or  gain  in 
weight. 


Air  of  laboratory. 


Tempera- 
ture. 


5  minutes . 

6  minutes . 

15  minutes 
If  hours... 
21  hours. . . 

24  hours... 

25  hours. . . 
42  hours... 
104  hours. . 

16  days 

48  days 


Total  la«w  in  72  days 


QravM. 
-0.0280 

-  .03i<0 

-  .0605 

-  .1965 

-  .2536 

-  .2140 
+  .0575 
+  .0130 

-  .OSIS 

-  .0622 

-  .0725 


Percent. 
-0.28 
-  .38 
-  .61 
-1.% 
-2.54 
-2.14 
+  .58 


+ 


.13 
.52 
.62 
.72 


9.06 


C. 


25 


25 
24 
28 
25 
18 
27 
32 
32 


Humid- 
ity. 

Percent. 
50 


43 
36 
35 
63 
64 
86 
41 
65 


THIRD  SERIES— 17.2  GRAMS  IN  OPEN,  WIDE-MOUTHED  2-OUNCE  BOTTLE. 


10  minutes 

U  hours 

3^  hours 

21  hours 

Stirred  and  reweighed. 
24  hours 

Stirred  with  siKwrn 

26  hours 

Stirred  with  spoon 

42  hours . 

Stirred  with  spoon 

4  days 

Stirred  with  sijoon 

16  days 

Stirred  with  spoon 

48  days 


Total  lo.«5.s  in  72  days 


-0.0025 
-  .0115 

-0.014 

-  .067 

-  .15 

-  .47 

-  .01 

-  .50 

-  .01 

-  .51 

-  .01 
.36 

-  .006 

-  .70 

-  .003 
-2.11 

-  .000 

-  .116 

22 

61 

.0260 

-  .0800 

-  .0020 

24 

36 

-  .0855 
-  .0020 

28 

36 

-  .0885 

-  .0015 

-  .0625 

-  .0010 

25 

63 

18 

64 

-  .1190 
-  .0005 

27 

36 

-  .3625 
-  .0000 

32 

41 

-  .0200 

32 

66 

5. 0;^') 

A  second  sample  (No.  163S  E)  of  uiulried  Illinois  coal  contained  11.89 
per  cent  moisture,  and  being  a  duplicate  of  No.  1688C,  except  that  it 
was  perhaps  more  finely  pulverized,  was  also  tested  in  a  similar  way, 
by  spreading  1  gram  on  a  3-inch  watch  glass  and  10  grams  on  a  3-ineh 
watch  glass,  and  by  placing  14.5  grams  in  an  open,  wide-mouthed 
2-ounce  bottle.  The  changes  occurring  in  these  three  samples  are 
given' in  the  following  table: 

Changes  in  jnoistnre  content  of  sample  ( So.  16.i8  K)  of  undried  Illinois  coid. 
FIRST  SERIES— 1  (JRAM  ON  3-INCH  WATCH  GLASS. 


Time  interval  bi'twccii  weighiuKM. 


5  minutes . 
5  minutes . 
20  minutes 
li  hours... 
201  hours.. 
244  hours.. 
26  hours... 
42  hours. . . 
104  hours.. 

15  days 

48  days 


Total  loss  in  72  days 


Air  of  laboratory. 


Loss  or  Rain  in 
weight. 


Gramif. 
-0.0215 

-  .0160 

-  .0110 

-  .0290 

-  .0055 

-  .006:^ 
,0143 

0060 

,0142 

0025 


Per 


+ 

+ 


m.t     ' 


+ 
+ 

+ 


-  .0173 


cent. 
2.15 
1.60 
1.10 
2.90 
0.55 
0.63 
1.43 

.60 
1.42 

.25 
1.73 


Tempera- 

Humid- 

ture. 

ity. 

°a 

Per  cent. 

25 

50 

25 

43 

24 

36 

28 

36 

25 

63 

18 

64 

27 

36 

32 

41 

32 

65 

9.80 
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Changes  in  moisture  content  of  sample  {No.  1638 E)  ofundried  Illinois  coal — Continued. 

SECOND  SERIES— 10  GRAMS  ON  3-INCH  WATCH  GLASS. 


Time  interval  between  weigrhings. 


6  minutes . 
5  minutes . 
15  minutes 

1\  hours 

214  hours. . 
24^  hours. . 

25  hours 

42  hours... 
104  hours. . 

15  days 

48  days.... 


Loss  or  gain  in 
weight. 


Oranis. 
-0.0518 

-  .0270 

-  .0630 

-  .2180 

-  .2000 

-  .1937 
.0692 
.0095 
.0.550 
.a590 
.0870 


+ 


J*er  cent. 
-0. 52 
.27 
-  .53 
-2.  IS 
-2.00 
-1.9^1 


+ 
+ 


.69 

.095 

.55 

.59 

.87 


Total  loss  in  72  days 


8.67 


Air  of  laboratory. 


Tempera- 
ture. 


25 


25 
24 
28 
25 
18 
27 
32 
32 


Humid- 
ity. 


Per  cent. 
50 


43 
36 
36 
63 
64 
35 
41 
55 


THIRD  SERIES— 14.5  GRAMS  IX  OPEN,  WIDE-MOUTHED  2-OUNCE  BOTTLE. 


10  minutes 

U  hours 

34  hours 

21  hours 

Stirred  with  spoon. 
24  hours 

Stirred  with  spoon. 
26  hours 

Stirred  with  spoon. 
42  hours 

Stirred  with  spoon. 
104  hours 

Stirred  with  spoon. 
15  days 

Stirred  with  spoon. 
48  days 


Total  loss  in  ?2  days 


-0.003 

-  .0135 

-  .0310 

-  .0890 

-  .0020 

-  .0995 

-  .0025 

-  .0850 

-  .0015 

-  .0625 

-  .0010 

-  .0875 

-  .0015 

-  .2538 

-  .0010 

-  .a500 


0.02 
.09 

22 

61 

.?3 

.60 
.01 

21 

36 

.68 
.02 

28 

36 

.56 
.01 

25 

63 

.42 
.01 

18 

64 

.60 
.01 

27 

35 

1.71 
.01 

32 

41 

.35 

32 

55 

5.3:? 


Other  experiments  were  likewise  performed  on  a  similar  sample 
(No.  1639C)  of  Illinois  coal,  which  contained  4.12  per  cent  moisture, 
although  the  coarse  sample  had  been  well  air-dried  before  the  prepara- 
tion of  the  fine  sample.  The  changes  in  weight  in  the  1-gram  sample 
spread  on  a  watch  glass,  in  the  10-gram  sample  spread  on  a  watch 
glass,  and  in  a  portion  (8.3  grams)  allowed  to  stand  exposed  in  an 
open,  wide-mouthed  2-ounce  bottle  were  as  follows: 

Changes  in  moisture  content  of  sample  {N<t.  IfiSO  C)  of  well-dried  Illinois  coal. 
FIRST  SERIES— 1  GRAM  ON  4-IN(^H  WAT(^H  GLASS. 


welKhings. 

Loss  or  f 
weig 

rain  in 
ht. 

Per  cent. 
-0.93 

-  .25 

-  .16 
+  .45 
+  1.35 
+  .70 
-1.70 
+     40 

Air  of  lttlx)ratory. 

Time  interval  between 

Tempera-     Humid- 
ture.            ity. 

6  minutes , 

Grams. 
-0.0093 

-  .0025 

-  .0015 
+  .0045 
+  .0135 
-f  .0070 

-  .0170 
-1-  .0050 

1 
°  C.         Per  cent. 
28                86 

6  minutes 

15  minutes 

2|  hours 

23  hours 

2  days. .  .■ 

25                 63 
18                 64 

4  dajrs 

27  1              35 

14  iIava 

32  1              41 

Total  loss  in  21  days 

0.13 
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EXPERIMENTAL  WORK    IN    FUEL   TESTING. 


Changes  in  moisture  content  of  sample  {No.  1639  C)  of  tvell-dried  Illinois  coal — Continued. 

SECOND  SERIES— 10  GRAMS  ON  4-INCH  WATCH  GLASS. 


Air  of  laboratory. 

Time  iuterval  between  weighings. 

ijosb  or  giiui  lu 
weight. 

Tempera- 
ture. 

Hnmid- 
ity. 

• 

5  minutes 

Grams. 
-0.0190 

-  .0120 

-  .0175 

-  .0280 
+  .1235 
+  .0196 

-  .0580 

-  .0280 

Percent. 
-0.19 

-  .12 

-  .175 

-  .28 
+1.24 
+  .20 

-  .68 

-  .28 

28 

Per  cent. 
36 

5  minutes 

15  minutes 

1  hour 

28  hours 

26 
18 
27 
32 

63 

2  days 

64 

4  days 

35 

14  davs 

41 

Total  loss  in  21  days 

0.18 

THIRD  SERIES— K.  3  GRAMS  IN  OPEN,  WIDE-MOUTHED  2-OUNCE  BOTTLE. 


10  minutes 
20  minutes 
20  minutes 

51  hours 

2  days , 

Stirred 

4  days 

14  days 

Stirred 


I 


Total  gain  in  20  days 


+0.0015 
+  .0010 

-  .0000 
+  .0080 
+  .0230 

-  .0000 
+  .0240 

-  .0175 
-  .0000 


+0.02 
+  .01 


+  .08 
+  .29 


+  .29 

-  .21 

-  .00 


0.48 


23 


25 
18 


27 
32 


69 


63 
64 


35 
41 


An  inj«pection  of  these  results  sliows  that  in  samples  of  fine  coal 
prepared  from  coal  not  previously  air  dried  the  loss  may  be  rapid, 
being  in  a  l-gram  portion  of  undried  sample  over  2  per  cent  in  five 
minutes  and  over  8  per  cent  in  twenty-four  hours.  That  samples  kept 
in  })ottles  may  lose  a  considerable  amount  of  moisture  unless  tightly 
stoppered  is  also  shown  ])y  the  results  obtained  from  weighing  the 
samples  in  an  open  bottle,  the  loss  in  twenty-four  hours  being  nearly 
0.7  per  cent  and  in  seventy -two  hours  almost  2  per  cent.  This  loss 
continued  until  the  total  loss  in  twenty-four  days  was  about  5  per 
cent.  That  the  danger  from  losses  in  handling  a  fine  sample  which 
has  been  well  air  dried  is  not  nearly  so  great  is  shown  by  the  tests 
upon  No.  1639  C.  Upon  the  1-gram  portion  of  this  sample  the  loss  in 
five  minutes  was  0.93  per  cent,  but  the  additional  loss  afterwards  was 
small,  showing  that  the  sample  was  not  far  from  air  dry  under  the 
existing  conditions.  In  fact,  under  the  conditions  existing  on  the 
next  afternoon  the  sample  as  ground  was  drier  than  air  dry,  as  is 
shown  by  an  increase  of  over  1  per  cent  in  weight.  That  this  sample 
was  about  air  dry,  under  the  av^emge  conditions  existing,  is  further- 
more shown  by  the  results  obtained  on  the  sample  exposed  in  an  open 
bottle,  where  the  sample  at  different  times  shows  small  losses  and 
small  gains  in  weight.  The  rapidity  with  which  the  1-gram  portion 
of  this  dried  sample  gave  up  the  little  moisture  it  possessed  over  and 
above  the  existing  air-dry  conditions  shows  the  extreme  sensitiveness 
of  finely  ground  coal  samples  to  changes  in  the  moisture  content  of 
the  air. 


EFFECTS    OF    DRYING    REAGENTS.  17 

As  might  be  expected,  the  rapidity  of  gain  or  loss  is  greatest  in  the 
1-gram  sample  and  least  in  the  sample  kept  in  an  open  bottle.  A  com- 
parison of  these  losses  after  seventy -two  da3^s  on  the  undried  samples 
shows,  however,  that  even  in  that  time  the  loss  on  the  l-gmm  sample 
is  decidedly  in  excess  of  that  on  the  10-gram  sample,  and  about  twice 
that  on  the  sample  in  the  open  bottle.  This  result  would  lead  to  the 
inference  that  the  change  in  weight  is  not  due  entirely  to  moisture 
losse-s,  but  is  influenced  more  or  less  by  oxidation  changes.  That  such 
is  the  case  is  shown  by  the  results  of  tests  of  the  gain  or  loss  in  weight, 
from  time  to  time,  of  fine  samples  kept  in  tightly  stoppered  bottles, 
moisture  determinations  being  made  at  the  same  time  to  find  out 
whether  the  amount  of  moisture  present  in  the  sample  varies  with 
the  change  in  weight.  These  tests  are  described  under  "Alteration 
of  weight  of  samples  of  coal  when  kept  in  a  finely  powdered  state," 
pages  19-22. 

COMPARISON    OF    EFFECTS    OF    DIFFERENT    DRYING    REAGENTS    USED   IN 
THE   DESICCATORS  EMPLOYED  IN   MOISTURE   DETERMINATIONS. 

In  the  determinations  of  moisture  made  during  the  Louisiana  Pur- 
chase Exposition  and  during  the  earlier  part  of  1905  duplicate  results 
often  were  not  as  close  as  was  desirable.  This  lack  of  agreement  was 
found  to  be  due,  in  part  at  least,  to  the  use  of  calcium  chloride  as  a 
drying  reagent  in  the  desiccators  in  which  the  fine  samples  of  coal 
were  allowed  to  cool  after  drying  at  105^  C,  as  may  be  seen  from 
inspection  of  the  following  table  giving  the  values  obtained  over  con- 
centrated sulphuric  acid,  fused  calcium  chloride,  and  granular  calcium 
chloride. 

Certain  values  from  samples  allowed  to  stand  overnight,  which  are 
marked  with  a  star  (*),  were  on  different  gram  portions  of  the  sample. 
The  values  given  for  the  other  determinations,  weighed  as  soon  as 
cooled  and  weighed  after  standing  in  the  desiccator  overnight,  are  on 
the  same  weighed-out  portions  of  the  sample,  which,  as  soon  as  weighed 
the  first  time,  were  put  back  in  the  desiccator  and  allowed  to  stand 
until  the  next  day  and  then  again  weighed.  The  values  over  sulphuric 
acid  are,  as  a  rule,  about  one-tenth  of  1  per  cent  lower  on  the  sample 
after  standing  overnight,  but  this  result  can  probably  be  accounted 
for  by  the  small  amount  of  moisture  which  might  be  taken  up  by  the 
sample  during  the  time  required  for  making  the  first  weighing. 
6128--Bull.  323—07 3 


18 


EXPERIMENTAL  WORK    IN    FCTEL   TESTING. 


Moigture  diier  mi  nations  obtained  by  the  use  of  different  drying  reagents. 


Sample  of  coal. 


Concentrated 
HS8O4. 


CaCli.  fused. 


CaCLz,  granular. 


Labora- 
tor>' 
num- 
ber. 


Field  number. 


1660  '  niinoisNo.  IIB. 

Illinois  No.  13... 
Illinois  No.  11  D. 
Illinois  No.  7  D.. 
Illinois  No.  13... 

do 

Alabama 

Illinois  No.  13... 

do 

Indian  Territory 
Indiana  No.  8  . . . 

Brazil 

niinoisNo.  7D.. 
Indiana  No.  A ... 
Illinois  Na  12... 
niinoisNo.  13... 
Illinois  No.  18  . . . 
niinoisNo.  7 D.. 

Colorado 

lUinois  No.  11  D. 
niinoisNo.  7  D.. 
Illinois  No.  11  D. 
Indiana  No.  4  . . . 
niinoisNo.  18... 
Indian  Territory. 

do 

Illinois  Na  14... 


1786 

1802  I 
1801  i 

1803  I 

1804  i 
1794  : 
1798  I 
1812 
1817 
1828  I 

1835  ! 
1837  ' 

1807  I 

1808  I 

1836  i 
1838 
1842 
1843 
1845 
1»I6 
1855 
1844 
1741 
1743 
1745 
1753 


l.a 

2.6 

l.a 

2,6 

1 
! 

l.a 

2.6 

{ 

3.42 
3.38 

1- 

1 

{ 

i 
1 

3.38 
3.40 
3.86 

3.46 

3.92 

* 

6.34 

6.26 

2.74 

2.74 

7.62 

7.46 
4.80 
1.18 

4.74 

1 
I 

1.38 

4.96 

4.80 

3.56 

3.46 



1.12 

1.30 

3.62 

8.46 

4.99 

4.92 
3.60 

4.91 

4.58 

3.60 

3.55 

3.23 

4.94 

4.88 
5.82 
2.70 

5.90 

2.76 

•  • 

.......... 

5.08 


1.06 


6.96 
1.24 
3.60 


6.88 
1.14 


1.02    . 


4.12 
6.90 


3.46 
6.36 


3.32 

2.86 

3.38 

12.09 


7.96 


1.14 
3.56 


2.58^ 

1.88^ 

2.76* 

11.58* 


7.40 


.94 


a  Weighed  as  soon  as  cooled. 

6  Weighed  after  standing  in  desiccator  overnight. 

The  values  obtained  over  both  granular  and  fused  calcium  chloride, 
where  the  sample  was  weighed  as  soon  as  cooled,  are  but  little  lower 
than  the  values  obtained  over  sulphuric  acid;  but  the  values  from  the 
samples  over  calcium  chloride  when  allowed  to  stand  overnight  are 
so  decidedly  lower  as  to  show  beyond  a  doubt  the  superiority  of  con- 
centrated sulphuric  acid  over  calcium  chloride  as  a  desiccating  reagent 
for  coal. 

EFFECTS    OF    VARYING    AMOUNTS    OF    SAMPLE    AND   OF   DIFFERENCES  IN 
DURATION   OF  HEATING  ON   RESULTS  OBTAINED   FOR  MOISTURE.^ 

The  following  results  were  obtained  on  (1)  a  very  finely  ground 
sample  of  Illinois  coal,  and  (2)  a  fine  sample  of  Indiana  coal.  They 
show  the  loss  in  weight  which  occurred  when  the  samples  were  dried 
for  different  times,  in  different  amounts,  and  under  different  condi- 
tions. This  change  in  weight  represents  not  merely  the  loss  of  mois- 
ture, but  includes  any  changes  due  to  oxidation  and  other  causes. 
These  changes  undoubtedly  vary  with  the  kind  of  coal  and  the  condi- 
tion of  the  sample. 


a  The  official  method  for  the  determination  of  moisture  is  to  heat  1  gram  of  the  fine  sample  for  one 
hour  at  105°  C.  in  a  drying  oven. 


BE8ULT8    OBTAINED    FOR   MOISTURE. 
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Moisture  determinations  on  Illinois  coal  (parentages). 


Details  of  treatment. 


i-gram 
sample. 


Loss  after  15  minutes'  heating  at  100°  to  107° 

Additional  loss  after  another  15  minutes'  heating  at  100°  to  107° 

Total  loss  after  80  minutes'  heating 

Additional  loss  after  heating  another  30  minutes  at  100°  to  107° 

Total  loss  after  I  hour's  heating 

Gain  in  weight  by  standing  uncovered  41  hours 

Total  loss  after  heating  another  30  minutes 

Gain  in  weight  after  standing  41  hours  and  reheating  as  compared  with 
the  value  at  the  end  of  1  hour's  heating 


8.42 
.84 
9.26 
.06 
9.32 
3.68 
8.86 

.46 


1-gram 
sample. 


6.65 
2. 02 
9.27 
.16 
9.43 
3.68 
9.20 

.23 


2-gram 
sample. 


5.24 
3.70 
8.94 
.43 
9.87 
3.55 
9.27 

.10 


Moisture  deierminaticns  on  Indiana  coal  [percentages) . 


Details  of  treatment. 


Loss  after  30  minutes'  heating  at  105° 

Loss  after  heating  another  80  minutes  at  105° 

Total  loss  after  1  hour's  heating 

Gain  in  weight  by  standing  uncovered  20  hours 

Total  loss  after  heating  another  hour  at  105° 

Gain  in  weight  after  20  hours'  standing  and  1  hour's 

reheating  compared  with  weight  after  first  hour's 

heating 

Gain  in  weight  by  standing  uncovered  120  hours 

Total  loss  after  heating  another  hour  at  105° 

Gain  in  weight  compared  with  weight  after  the  first 

hour's  heating 

Gain  in  weight  oy  standing  uncovered  24  days 

Total  loss  alter  another  hour's  heating  at  105° 

Gain  in  weight  compared  with  weight  after  first 

hour's  heating 


.34 
3.06 
4.90 

.64 
3.70 
4.20 


I 


1-gram 
sample. 


5. 60  to  5. 58 
.08  to  .04 
5. 68  to  5. 62 
3. 43  to  3. 35 
5. 45  to  5. 37 


.23  to  .25 
3. 12  to  2. 95 
5. 14  to  5. 10 


I  .54  to  .52 
3.62  to  3. 58 
4. 60  to  4. 62 


2-gram 
sample. 

4-gram 
sample. 

5. 62  to  5. 61 
.07  to  .02 
5. 69  to  5. 63 
3.  41  to  3. 35 
5. 53  to  5. 48 

5.49 
.15 
5.64 
3.34 
5.55 

.16  to  .15 
3. 15  to  3. 11 
5. 19  to  5. 17 

.09 
3.12 
5.21 

.50  to  .46 
3. 52  to  3. 51 
4. 72  to  4. 70 

.43 
3.45 
4.77 

l.W   I.O8I0I.OO  .  .97to  .93 


.87 


These  results  show  that  practically  all  of  the  moisture  is  expelled 
from  coals  of  these  kinds  during  the  first  thirty  minutes,  and,  further- 
more, that  there  was  an  appreciable  amount  of  oxidation  in  the  sample 
during  standing  or  from  reheating.  For  short  periods  this  oxidation 
value  in  these  experiments  was  apparently  a  surface  reaction,  depend- 
ent on  the  surface  exposure  of  the  sample  and  not  on  the  amount. 
The  samples  were  all  weighed  out  in  porcelain  crucibles  of  the  same 
size,  and  the  amount  of  sample  directly  exposed  was  pmctically  the 
same  in  all.  In  this  case  the  percentage  eflFect  of  equal  oxidation  on 
the  Illinois  samples  would  be  in  the  ratio  of  4,  2,  and  1.  The  gains 
actually  determined  at  the  end  of  41  hours  were  0.46,  0.23,  and  0.10 
per  cent,  respectively,  which  are  very  close  to  this  ratio. 

On  the  Indiana  sample  the  gains  for  oxidation  at  the  end  of  twenty 
hours  were  0.34,  0.24,  0.15,  and  0.09  per  cent,  respectively.  At  the  end 
of  twenty-four  days  the  percentages  of  gain  on  the  different  amounts 
are  more  nearly  the  same,  but  the  gain  is  still  greatest  on  the  i-gram 
sample  and  least  on  the  4-gram  sample,  the  gains  on  the  four  amounts 
taken  being  1.34,  1.04,  0.95,  and  0.87  per  cent,  respectively. 

ALTERATION    OF  WEIGHT    OF    SAMPLES  OF  COAL  WHEN   KEPT  IN   A 

FINELY   POWDERED   STATE. 

In  order  to  investigate  the  question  of  the  extent  of  alteration  of  the 
samples  when  kept  in  a  finely  powdered  condition  as  prepared  for 
analysis,  portions  of  a  number  of  such  samples  were  put  in  weighed 
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bottles,  which  were  securely  closed  with  rubber  stoppers.  These 
bottles  were  kept  in  the  laboratory  and  weighed  from  time  to  time. 
Moisture  determinations  were  made  on  portions  of  the  sample  at  the 
times  of  the  weighings,  allowance  being  made  for  the  portions  removed 
for  this  purpose.  The  following  table  gives  the  percentage  of  moisture 
originally  present  in  the  sample,  the  percentage  of  gain  or  loss  in 
weight  at  the  several  weighings,  and  the  time  interval  between  the 
weighings;  also  the  total  time  covered  by  the  experiment: 

Alteration  of  weight  of  finely  powdered  coal. 
[Minus  idgn  denotes  loss.] 


Sample  of  coal. 

Days  be- 
tween 
weighings. 

Change  in 
weight. 

Labora- 
tory 
num- 
ber. 

1 

Field  number. 

Moisture 

determina- 

Uon. 

1635 

Illinois  No.  9  A 

Percent. 

Per  cent. 
5.10 

• 

Illinois  No.  9  B 

4 

20 

42 

25 

172 

124 

0.17 
.47 
.46 
.19 
.00 

-.38 

5.13 
5.81 
5.36 
5.29 
4.99 
4.38 

387 

.96 

-.72 

1638  C 

12.34 

do 

4 

19 

27 

41 

172 

.16 
.45 
.22 
.23 
.00 

12.58 
12.12 
12.03 
11.79 
11.62 

268 

1.06 

-.72 

1638  E 

11.89 

do 

4 

46 

41 

191 

.17 

1.07 

.40 

.00 

11.97 
11.80 
11.64 
11.06 

282 

1.64 

-.83 

1639 

4.03 

IllinoisNo.il  B 

23 

42 

34 

168 

127 

.61 
.47 
.31 
.27 
-.12 

4.08 
4.38 
4.53 
4.37 
4.28 

389 

1.54 

.20 

1660 

3  25 

I ndiana  No.  4 - 

15 

27 

50 

183 

107 

.40 
.42 
.43 
.10 
.00 

3.26 
3.47 
3.89 
3.60 
3.57 

382 

1.35 

.32 

1844 

3  58 

West  Vinrinia  No.  18 

7 

34 

183 

107 

.22 
.48 
.58 
.14 

3.79 
3.90 
3.87 
3.63 

331 

1.37 

.05 

1867 

1  03 

24 
191 
108 

.24 
.16 
.07 

1.16 
1.21 
1.09 

323 

.46 

.06 

ALTSBATIOir   OF   WBIOHT  OF  SAMPLES. 
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AUemiion  ofweigfU  of  finely  powdered  coed — Continued. 

[Minus  sign  denotes  loos.] 


Sample  of  coal. 

Days  be- 
tween 
weighings. 

Change  in 
weight. 

Labora- 
tory 
num- 
ber. 

Field  number. 

Moisture 

determina- 

tion. 

2062 

OhioNo.5 

Percent. 

Perixnt. 
1.99 

Wvnmlnir  No   2 .. 

9 

18 

149 

108 

.22 
.22 
.40 
.13 

2.49 
2.43 

284 

.97 

.44 

2131 

4.66 

North  Dakota  No.  8 

2 

3 

24 

7 

43 

28 

56 

107 

.04 
.06 
.18 
.10 
.09 
.00 
.06 
.02 

4.66 
4.46 

269 

.55 

-.19 

2243 

26  64 

Wyomlnir  No.  2  B 

4 
3 
7 

43 

28 

55 

107 

.05 
.03 
.08 
.23 
.07 
.16 
-.05 

26.91 
26.64 

247 

.57 

-1.00 

2276 

6.37 

Wyoming  No.  3 

2 
7 

43 
28 
55 

.05 
.05 
.13 
.02 
.06 

6.16 

135 

.31 

-.22 

2278 

12.69 

North  Dakota  No.  8 

2 

7 

43 

28 

55 

107 

.09 
.22 
.68 
.15 
.38 
.26 

U.97 
11.81 

242 

1.78 

-.78 

2256 

12.62 

Texas  No.  4 

2 

5 

43 

28 
56 

.02 
.17 
.34 
.15 
.16 

12.86 

134 

.84 

.24 

2718 

33.00 

Massaohnsetts  peat .  ^                          .  ^  x . .  x .  u   ^  x     .  x  * . 

6 

42 

3 

.'19 
.24 
.03 

32.87 

51 

.56 

-.13 

2828 

13.60 

8 

13 

3 

103 

.07 

.09 

.00 

-.72 

13.72 
13.16 

127 

-.66 

-.44 
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Without  exception  these  samples  ail  increased  in  weight  upon  stand- 
ing. At  the  same  time  the  moisture  values  usually  decreased.  The 
gain  in  weight  is  to  be  ascribed  to  oxidation,  and  the  decrease  in 
moisture  either  to  actual  loss  or  to  fixation  of  a  portion  of  the  mois- 
ture present  by  the  oxidation  changes.  If  the  moisture  loss  be  con- 
sidered as  an  actual  escape  of  moisture  from  the  sample,  the  total  gain 
due  to  oxidation  is  equal  to  the  observed  gain  plus  an  amount  equal  to 
this  moisture  loss.  The  table  below  gives  the  total  oxidation  changes 
considered  on  this  basis,  together  with  the  original  and  final  calorim- 
eter determinations  on  some  of  the  samples,  also  the  loss  in  calorific 
value  in  excess  of  that  due  merely  to  changes  in  weight  of  the  sample. 
For  purposes  of  comparison  the  amounts  of  moisture,  ash,  and  sul- 
phur present  in  the  sample  are  also  given. 

Determinations  of  oxidation^  calorific  value,  moigturey  ashy  and  sulphur, 

[Minus  sign  denotes  loss. J 


Sample  of  coal. 

Increa.se 

in 
weight 
due  to 
oxida- 
tion. 

Calorific  value. 

Moisture. 

Ash. 

Labo- 
ratory 
num- 
ber. 

Field  number. 

Original. 

Final. 

Gain  or 
loss 
above 
that  ac- 
counted 
for  by 
oxida- 
tion. 

Sulphur. 

1635 

Illinois  No.  9  A 

Illinois  No.  9  B 

Percent. 
1.68 

1-7H 

CalorifB. 

Calories. 

CalorifB. 

Percent. 

4.99 

12.34 

11.89 

4.03 

3.25 

3.58 

13.60 

26.64 

12.62 

1.99 

33.00 

1.03 

4.64 

6.37 

12.59 

Percent 
11.80 

Per  cent. 
4.43 

1638C' 

i 

1638  K 

do 1         2.47 

1 

IQVi 

do 

1.34 

11.48 

12.38 

16.05 

20.74 

8.8S 

8.77 

7.48 

7.66 

2,40 

21.77 

19.69 

17.20 

4.40 

1660 

Illinois  No.  11  B 

Indiana  No.  4 

Ma^isaehusettspcat .. 
North  Dakota  No. 3,. 

do 

Ohio  No.  5   

1.03 

: 

2.62 

1844 

m'8 

•2243 
2255 

1.32 

1.00 

1.57 

.(50 

.53 

.r>9 

.40 

.74 

.f>3 

2.56 

6,426 
4.055 
4,498 

6,265 
4.049 
4,431 

-77 

35 

3 

2.59 

.58 

1.32 

1.22 

20t>2 

7,501 

7.375            -86' 

1.76 

2718 

Texas  No.  4 

1867 
2131 
2275 

West  Virginia  No.  13. 

Wyoming  No.  2 

Wyoming  No.  2  B 

Wyoming  No.  3 

8.408 
5,815 

8.359 
5,747 

-17 
-•26 

.83 
4.22 
4.09 

2278 

5,108 

4.903 

-75 

6.86 

The  oxidation  changes  in  every  case  are  sufficiently  large  to  be  of 
practical  importance,  the  smallest  change — that  in  the  Ohio  No.  5  sam- 
ple— being  0.53  per  cent,  while  the  Illinois  No.  9  B  sample  showed  a 
change  of  2A7  per  cent.  The  Wyoming  No.  3  sample  showed  an 
increase  of  2.56  per  cent  in  weight  and  a  decrease  of  205  calories  in 
heating  value.  The  changes  in  weight  correspond  to  a  decrease  in 
heating  value  of  144  ciilories,  the  final  calorific  value  obtained  being 
75  calories  lower  than  is  accounted  for  by  the  changes  in  weight. 
Further  results  along  these  lines  are  desirable,  but  the  values  already 
obtained  show  very  clearl}"  that  old  samples  of  coal  can  not  be  regarded 
as  representative  of  the  original  coal  in  composition  or  in  calorific 
value. 
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DETERMINATIONS  OF  SPECIFIC   GRAVITIES  OF  THE   COALS. 

Two  determinations  of  specific  gravity  were  made  on  a  number  of 
lumps  about  1  inch  in  diameter.  The  first  determination  was  made 
upon  a  number  of  specially  selected  lumps  representing  as  clean  coal 
as  could  be  picked  out,  carefully  avoiding  portions  contaminated  with 
slate  or  pyrites;  the  second  was  made  upon  a  number  of  lumps 
selected  to  represent  the  average  quality  of  the  coal  as  nearly  as  could 
be  expected  in  pieces  of  this  size.  The  determinations  of  each  kind 
were  made  (in  duplicate  and  sometimes  in  triplicate)  with  a  large 
Nicholson's  hydrometer  designed  for  use  with  the  coke  samples  and 
capable  of  handling  1,000  grams  of  coal.  The  following  table  gives 
the  results  on  the  two  kinds  of  lumps.  For  ease  of  reference  and  for 
comparison  the  determinations  of  ash  and  sulphur  on  the  car  samples 
of  each  coal  are  also  tabulated. 

Determinations  of  ashy  sulphur ^  and  specific  gravity. 


Designation  of  coal  sampled. 


Alabama  No.  2  B 

Alabama  No.  3 

Alabama  No.  4 

Arkansas  No.  7  A 

Brazil 

niinois  No.  19  B 

niinoi8No.23A 

Illinois  No.  25 

Illinois  No.  26 

niinois  No.  27 

Indiana  No.  5 

Indiana  No.  6 

Indiana  No.  7  A 

Indiana  No.  8 

Indiana  Na  9  A 

Indiana  No.  9  B 

Indiana  No.  10 

Indiana  No.  11 

Indiana  No.  12 

Kansas  No.  6 

Kentucky  No.  1  B 

Kentucky  No.  6 

Kentucky  No.  6 

Kentucky  No.  7 

Maryland  No.  1 

Missouri  No.  6 

New  Mexico  No.  3 . . . . 
New  Mexico  No.  4  A. , 

New  Mexico  No.  6 

North  Dakota  No.  IB. 
North  Dakota  No. 3... 
OhioNo.l 


Ohio  No.  2 

OhioNo.3 

OhloNo.4 

Ohio  No.  6 

OhioNo6.6  A,6B 

OhloNo.7 

OhioNo.8A 

OhioNo.9A 

OhioNo.9B 

Pennsylvania  No.  4 

Pennsylvania  No. 5  A. . . 
Pennsylvania  No.  5  B . . . 

Pennsylvania  No.  6 

Do 

Pennsylvania  No.  7  A,  7 

Pennsylvania  No.  8 

Pennsylvania  No.  9 


B 


Car  sample. 

Specific  gravity. 

Ash. 

Sulphur. 

Selected 
lumps. 

Average 
lumps. 

14.59 

1.12 

1.32 

1.37 

14.86 

.55 

1,30 

1.S8 

12.92 

1.08 

1.28 

1.32 

11.69 

2.02 

1.32 

1.44 

21.93 

2.72 

1.37 

1.40 

9.36 

.91 

1.31 

1.33 

11.53 

4.41 

1.22 

1.26 

13.40 

4.76 

1.26 

1.30 

12.09 

3.51 

1.22 

1.31 

13.77 

4.05 

1.24 

1.28 

10.88 

4.27 

1.28 

1.42 

12.62 

4.39 

1.25 

1.39 

9.21 

3.74 

1.27 

1.40 

1(J.61 

3.72 

1.29 

1.30 

10.30 

3.27 

1.26 

1.36 

10.76 

3.15 

1.25 

1.33 

8.67 

3.83 

1.24 

1.29 

8.14 

1.41 

1.26 

1.30 

11.65 

3.87 

1.26 

1.32 

15.72 

3.72 

1.23 

1.34 

3.37 

.88 

1.27 

1.40 

3.70 

.67 

1.29 

1.30 

2.76 

.57 

1.27 

1.28 

9.48 

3.60 

1.31 

1.44 

13.13 

1.49 

1.36 

1.41 

11.74 

5.60 

1.21 

1.36 

16.67 

.73 

1.29 

1.37 

14.57 

.61 

1.30 

1.39 

14.57 

.69 

1.31 

1.35 

11.42 

3.54 

1.25 

1.44 

7.75 

1.15 

al 

.22 

11.95 

4.61 

1.29 

1.35 

11.33 

4.02 

1.31 

1.36 

11.58 

1.81 

1.30 

1.33 

9.12 

3.47 

1.30 

1.39 

7.30 

1.72 

1.29 

1.33 

8.52 

3.33 

1.29 

1.35 

6.37 

2.16 

1.30 

1.34 

8.37 

2.84 

1.30 

1.42 

8.29 

3.15 

1.29 

1.31 

11.93 

3.35 

1.30 

1.36 

10.41 

1.26 

1.30 

1.35 

6.02 

1.20 

1.30 

1.31 

6.05 

.88 

1.28 

1.83 

13.00 

1.95 

1.30 

1.33 

12.52 

1.94 

1.30 

1.88 

12.47 

2.08 

1.33 

1.41 

6.63 

.94 

1.31 

1.36 

11.33 

2.04 

1.35 

1.39 

a  No  distluction  made  between  clean  or  selected  lumps  and  average  lumps. 
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DeUrminalians  of  ash,  sulphury  and  specific  gramty — Continued. 


Designation  of  coal  sampled. 


Car  sample. 

Specific  gravity. 

Ash.      Snlphtir 

Selected 
lumps. 

Avenge 
lumps. 

6.17 

6.81 
7.05 

■ 

1.26 

.98 

.99 

.98 

.78 

3.26 

4.38 

.21 

.99 

.51 

1.20 

1.11 

.92 

.67 

.79 

.72 

.38 

.81 

.89 

1.03 

2.54 

1.06 

1.20 

1.45 

.67 

.89 

1.38 

1.32 

4.03 

6.66 

.26 

.81 

.49 

1.80 
1.28 
1.29 
1.29 
1.29 
1.34 
1.84 
1.35 

1.86 

1.83 

1.82 

9.53 

14.43 

12.85 

13.42 

59.14 

7.88 

7.30 

4.73 

5.01 

5.58 

4.48 

4.33 

11.37 

12.26 

7.76 

8.91 

3.27 

8.55 

5.57 

8.37 

8.12 

1.87 

1.81 

1.89 

1.87 

1.26 

1.26 
1.80 

1.27 

1.27 
1.28 
1.27 
1.28 
1.28 
1.82 
1.81 
1.27 
1.27 
1.28 
1.30 
1.28 
1.28 
1.30 
1.26 
1.27 
1.28 
1.31 
1.2S 
1.38 
1.26 
1.2B 

1.84 
1.87 

1.28 

1.28 

1.38 

1.89 

1.85 

1.80 

1.28 

1.81 

1.87 

1.84 

1.41 

5.83 
5.01 
8.03 
4.85 
20.79 
16.70 
6.77 
3.41 
3.12 

1.84 

1.38 

1.84 

1.84 

1.87 

1.40 

1.86 

1.80 

Pennsylvania  No.  10.. 

Tennessee  No.  2 

Tenneasee  No.  3 

Tennessee  No.  4 

Tennessee  No.  6 

Tennessee  No.  7  A 

Tennessee  No.  8  A 

Tennessee  No.  10 

Texas  No.  3 

Texas  No.  4 

ViiginiaNo.  1  A 

Virginia  No.  1  B 

Virginia  No.  2  B 

Virginia  No.  3 

Virginia  No.  4 

Washington  No.  1  B. . . 

Washington  No.  2 

West  Virginia  No.  4  B. 
We-st  Virginia  No.  13.. 
West  ViiginiaNo.  14.. 
West  Virginia  No.  15.. 
West  Virginia  No.  16  A 
West  Virginia  No.  16  B 
West  Virginia  No.  17.. 
West  Virginia  No.  18.. 
West  Virginia  No.  19.. 
West  Virginia  No.  20.. 
West  Virginia  No.  21.. 

Wyoming  No.  2  B 

Wyoming  No.  3 

Wyoming  No.  4 

Wyoming  No.  5 

Wyoming  No.  6 


It  is  obvious  from  the  foregoing  table  that  the  specific  gravity  of 
the  lumps  of  coal  is  considerably  affected  by  the  amount  of  impurities 
contained.  Even  the  selected  lumps  were  not  free  from  ash  and  sul- 
phur, so  that  it  is  not  possible  to  obtain  the  true  specific  gravity  of 
the  pure  coal  itself. 

In  order  to  further  investigate  the  relation  of  impurities  to  specific 
gravity,  five  of  the  coals  in  the  foregoing  table  were  selected  as  repre- 
senting the  great  diversity  of  character.  These  coals  were  separated 
first  into  sizes  and  then  each  size,  except  the  dust,  was  further  sepa- 
rated by  "  float-and-sink "  tests  upon  heavy  solutions,  of  1.35  specific 
gravity  calcium  chloride  and  1.45  and  l.(>5  specific  gravit\'  zinc  chlo- 
ride.    The  procedure  in  detail  was  as  follows: 

The  coal,  after  crushing  till  it  all  passed  a  i-inch  screen,  was  sifted 
over  a  series  of  sieves — SO  mesh,  40  mesh,  10  mesh,  and  4  mesh.  That 
passing  the  first  two  screens  was  designated  'Viustf'  that  passing  the  10 
mesh  and  retained  on  the  40  mesh  was  designated  '^  fine;' '  that  passing 
the  4  mesh  and  retained  on  the  10  mesh  "  medium,''  and  that  retained 
on  the  4  mesh  *' coarse."  The  dust  was  not  separated  on  the  solution, 
but  each  of  the  remaining  classes  was  then  stirred  in  a  solution  of  1.35 
specific  gravity,  and  the  floating  coal  was  removed,  washed,  and  air 
dried.  That  sinking  in  this  solution  was  then  washed,  dried,  weighed, 
and  stirred  in  a  solution  of  1.45  specific  gravity,  and  the  floating  coal 
treated  as  before;  and  the  process  was  again  repeated  in  a  solution  of 
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1.65  specific  ^avity  with  the  coal  that  sank.     Each  product  was 
washed,  air  dried,  and  analyzed. 

The  results  are  given  in  the  following  table.  Column  1  gives  the 
percentage  that  the  amount  of  coal  in  each  grade  of  fineness  forms  of 
the  entire  sample  treated;  column  2,  the  percentage  that  the  amount 
of  coal  in  each  class  separated  by  gravity  forms  of  the  amount  in  its 
grade  of  fineness,  and  column  3,  the  percentage  that  the  amount  of 
coal  in  each  class  forms  of  the  entire  sample.  Column  4  gives  the 
determination  of  the  ash  in  each  class,  expressed  as  a  percentage  of 
the  amount  of  coal  in  the  class;  column  5,  this  determination  of  the 
ash  expressed  as  a  percentage  of  the  entire  sample  of  coal,  and  columns 
6  and  7  give  the  same  percentages  for  the  sulphur.  The  totals  of  the 
results  for  ash  and  sulphur,  in  columns  5  and  7,  should  obviously 
equal  the  ash  and  sulphur  determinations,  respectively,  in  the  original 
coal,  which  are  printed  below  them  for  purposes  of  comparison.  The 
differences  are  due  to  unavoidable  errors  in  the  work  and,  in  some 
cases,  probably  in  part  to  the  presence  of  sulphates  extracted  in 
washing. 

Impurities  in  coal  as  related  to  different  grades  of  fineness  and  classes  of  specific  gravity. 


NO. 

2023,  BRAZIL  NO. 

l.a 

Mechanical  distribution  of 
coal. 

Amount  of  ash  in 
each  class. 

Amount  of  sulphur 
in  each  class. 

Grade  and  class  of  coal. 

Per  cent 

of  entire 

sample 

in  each 

grade. 

Amount  in  each 
class. 

As  per 

cent  of 

coal  in 

the  class. 

As  per 
cent  of 
entire 
sample 
of  coal. 

As  per 

cent  of 

coal  in 

the  class. 

As  per 
cent  of 

Per  cent 

of  its  own 

grade. 

Per  cent 
of  entire 
sample. 

entire 
sample 
of  coal. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

_     ^  f80 

3.95 
3.05 

6i.43 
43. 57 

28.64 
26.35 

1.131 
.804 

1.90 
1.60 

0.075 

^"«n8oto4o::::::;::.::: 

.049 

7.00 

Sum 

7.00 
18.10 

100.00 

Fine.  40  to  10 

Specific  gravity— 

Under  1.35 

62.11 

2.23 

17.83 

17.83 

11.15 

.40 

3  20 

3.20 

11.64 
15  33 
30  22 
54.49 

1.298 
.061 
.967 

1.744 

.61 
.84 
.615 
5.41 

.068 

1.85  to  1.45 

.003 

1.45tol.65 

.020 

Above  1.66 

.173 

Sum 

100.00  1        17.95 

30. -15 

Medium.  10  to  4 

Specific  gravity— 

Under  1.35 

55.53 

3.64 

28.01 

12  82 

17  55 
1  15 
8  85 
4  05 

13  90 
23.  38 
33  38 
55  08 

2.439 

269 

2  9.54 

2.231 

.60 
.59 

.55 
8  92 

.105 

1.85  to  1.45 

.007 

1.45  to  1.65 

.049 

Above  1.65 

361 

Sum 

100.00 

31  60 

44.60 

Coarse.  4  to  2 

Specific  gravity— 

Under  1.35 

45. 10 

3.19 

31.92 

19.79 

21.20 
1.60 

15.00 
9.30 

17.33 
26  b2 
32  74 
59.08 

3.674 

.398 

4.911 

5.494 

.64 

.50 

.66 

21. 24 

.136 

].35tol.45 

.007 

1.45  to  1.65 

.099 

Above  1.65 

1.975 

Bum 

100.00 

47.00 

Total 

IOC.  15 

103.55 

28. 375 
28  18 

3. 127 

Original  8ampl« . , 

4.28 

aSp.  gr.  of  average  lumps,  1.40;  of  selected  lumps,  1.^1. 
6128— Bull.  323—07—4 
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Impurities  in  coal  as  related  to  different  grades  offinenesSy  etc. — Continued. 

NO.  2346,  MARYLAND  NO.  l.a 


Mechanical  distribution  of 
coal. 

Amount  of  ash  in 
each  class. 

Amount  of  sulphur 
in  each  class. 

Grade  and  class  of  coal. 

Per  cent 

of  entire 

sample 

in  each 

grade. 

Amount  in  each 
class. 

As  per 

cent  of 

coal  in 

the  class. 

As  per 
cent  of 
entire 
sample 
of  coal. 

As  per 

cent  of 

coal  in 

the  class. 

As  per 
cent  of 

Percent 

of  its  own 

grade. 

Per  cent 
of  entire 
sample. 

entire 
sample 
of  coal. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

-^    ^f80 

5.05 
4.65 

52.06 
47.94 

15.47 
12.99 

0.781 
.604 

2.00 
1.55 

0.101 

^^«H8oto  46::::::::. :.:::::::: 

.072 

9.70 

Sum 

9.70 
33.45 

100.00 

Fine.  40  to  10 

Specitic  gravity— 

Under  1.35 

81.40 

10.07 

3.75 

4.78 

27.10 
3.35 
1.26 
1.60 

6.25 
13.62 
25.02 
61.48 

1.6M 
.456 
.313 
.984 

.92 
1.25 
2.21 
9.04 

.249 

1.35  to  1.45 

.042 

1.45tol.65 

.028 

Above  1.65 

.145 

gum 

100.00 

38.30 

41.95 

Medium.  10  to  4 

Specific  gravity— 

Under  1.35 

63.60 

25.54 

5.85 

5.01 

26.65 

10.70 

2.45 

2.10 

6.57 
13.77 
25.63 
57.63 

1.484 

1.473 

.628 

1.210 

.84 
1.21 
2.36 
8.14 

.224 

1.35tol.45 

.129 

1.45  to  1.65 

.058 

Above  1.65 

.171 

Sum 

100.00 

41.90 

14.70 

Coarse.  4to2 

Specific  gravity— 

Under  1,35 

39.15 
38.10 
10.84 
11.91 

5.75 
5.60 
1.60 
1.75 

6.45 
14.16 
25.68 
55.90 

.371 

.793 

.411 

978 

.84 
1.07 
2.48 
7.28 

.048 

.060 

1.45  to  1.65 

.040 

Above  1.65 

.127 

Sum 

100.00 

14.70 

Total 

99.80 

99.60 

12.180 
12.53 

1.49 

Oriifinal  samnle 

1.51 

1 

• 

NO.  2308 

,  PENNSYLVANIA  NO.  6.6 

,.     ^f80 

5.fiO 
4.35 

55.8.5 
44.15 

14.74 
12. 35 

0.811 
.537 

2.36 
2.19 

0.130 

^"«n8oto4o :::: 

.095 

9.85 

Sum 

9.85 
20.40 

100.00 

Fine,  40  to  10 

1 

Specific  gravity— 

Under  1.35 

88.36 
2.97 
1.98 
6.69 

17.8.5 

.60 

.40 

1.35 

6.44 
17.55 
28.26 
67.45 

1.149 
.105 
.113 
.911 

1.10 

2.75 

4.04 

10.20 

.196 

1.85  to  1.45 

.016 

1.45  to  1.65 

.016 

Above  1.65 

.138 

Sum 

100.00 

20.20 

29.75 

Medium.  10  to  4 

Specific  gravity— 

Under  1.35 

81.38 
9.06 
2.68 
6.88 

24.25 

2.70 

.80 

2.05 

6.15 
16.97 
29.70 
63.95 

1.491 
.458 
.238 

1.311 

1.10 

2.39 

3.42 

11.39 

.267 

1.35  to  1.45 

.065 

1.45  to  1.65 

.027 

Above  1.65 

.233 

Sum 

100.00 

29.80 

39.70 

Coarse.  4  to  2 

Specific  gravity- 

Under  1.35 

70.42 

13.86 

4.78 

10.94 

27.95 
5.50 
1.90 
4.35 

6.21 
16.37 
29.57 
66.20 

1.736 
.900 
.562 

2.880 

1.07 
2.33 
2.47 
7.06 

.299 

1.35tol.45 

.128 

1.45tol.65 

.047 

Above  1.65 

.307 

Sum 

100.00 

39.70 

Total 

99.70 

99.55 

13.202 
12.61 

1.964 

Oriirinal  samnie 

1.76 

"•""»*"*•*■ 

- 

«  Sp.gr. 
ftSp.  gr. 


of  average  lumps,  1.41; 
of  average  lumps,  1.33; 


of  selected  lumps,  1.36. 
of  selected  lumps,  1.30. 
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n  ooai  at  relattd  to  different  grade*  of  Jiaaiat,  etc. — Continued. 
NO.  2298,  WEST  VIROINIA  NO.  IS.n 


Mwhanlcal  diMrihulion  o( 

*"rb' 

Glua. 

Amount  of  BUlphur 

ai^e>iidol>HuIc«]. 

Percent 
of  I'ntire 

gndu. 

Amount 

^«ch 

s 

HiDple 

tlieaUw. 

»«, 

"gl^"'' 

Per  pent 
•ample. 

entire 

-a 

i;         a. 

3. 

4. 

S. 

6. 

7. 

b.3b 

44.85 

5. 35 

4.SJ 

10,35 
4,  SB 

■a'.ib 

13.  ill 
22.89 
63.03 

is!  10 
24.  ai 

.917 

:«s 

!mo 

1.62 
6.37 

2«:26 
&40 

».70 

22.69 

100.00 

9.70 

^i 

■«-TO 
.SO 
.20 

SpedHo  gravily— 

100.00 

22.  M 

S8.M 

3.TI 
100.00 

Rfi.30 

3.70 
100-00 

l.ffi 

i.-m 

^ll"n'dfr"lT" 

3S.15 

liao 

1.30 
M.30 

£1.30 

SpeclBcgravllr— 

W.Vb 

7.0ffl 

*" 

1                  1 

NO.  2278,  WYOMING  NO.  3 


i:™ 

«:m 

i.H 

!k30 
.453 

1.2.M 
3.239 

sisao 

889 
4.66 

oiw 

3.7t, 

3.73 
11.00 

100.00 

36.  ee 

It.  30 

"*cS5*,'Sr 

40J 

100.  ou 

11.20 

29.  B5 

n.os 

22.97 

22.6.'. 

nS5IS'r 

100.00 

29,40 

„.» 

69.  S5 
30.  SB 

88.20 
10.66 

«T!SI,",^. 

100,00 

54.85 

M.W 

99.20 

17.900 
11.90 

28  EXPERIMENTAL  WORK   IN    FUEL    TESTING. 

An  examination  of  the  figures  in  the  foregoing  table  shows  the  very 
rapid  increase  in  impurity  of  the  coal  with  increase  in  specific  gravity. 
The  finer  the  coal  is  crushed  the  more  complete  would  be  the  mechan- 
ical separation  of  the  heavy  impurities  from  the  coal,  but  the  behavior 
in  this  respect  evidently  varies  greatly  with  diflFerent  coals.  In  the 
Brazil  coal  the  sulphur  is  nearly  the  same  in  all  the  coal  under  i-inch 
size  and  below^  1.65  specific  gravity,  while  the  ash  increases  both  with 
size  and  with  the  specific  gravity.  In  the  Maryland  coal  both  sulphur 
and  ash  increase  with  specific  gravity,  and  apparently  without  very 
much  reference  to  size  of  product.  Practical!}^  the  same  is  true  of  the 
Pennsylvania  No.  6  coal  and  of  the  West  Virginia  coal.  The  record 
of  the  Wyoming  coal  is  not  sufficiently  complete  for  comparison.  In 
all  but  the  Brazil  coal  there  is  a  marked  tendency  to  increase  of  ash 
and  sulphur  in  the  fine  dust,  suggesting  that  the  impurities  are  liber- 
ated in  crushing  and  are  more  brittle  than  the  mass  of  the  coal. 
Noticeably  diflFerent  compositions  in  ash  and  sulphur  of  the  portions 
of  the  various  coals  below  1.35  specific  gravity,  may  indicate  either 
actual  variations  in  the  specific  gravity  of  the  coal  proper  or  variations 
in  the  nature  of  the  combination  of  the  sulphur  and  mineral  matter. 

Further  experiments  along  these  lines  seetn  very  desirable. 

LABORATORY   METHODS    OF    DETERMINING    ADAPTABILITY   OF    COALS  TO 

IMPROVEMENT  BY   WASHING. 

The  laboratory  method  of  testing  consists  in  floating  the  sample 
upon  solutions  of  diflFerent  density  and  thereby  sepamting  the  coal 
into  portions  of  diflFerent  specific  gravity,  the  amounts  of  these  por- 
tions being  determined  and  each  portion  analyzed  separately  for  ash 
and  sulphur,  as  noted  under  the  last  heading.  The  samples  used  were 
crushed  to  one-half  inch  and  finer  before  testing,  and  for  convenience 
in  handling  were  divided  by  sifting  into  two  portions,  one  one-half 
inch  to  one-fortieth  inch,  the  other  one-fortieth  inch  and  finer.  On 
some  of  the  earlier  samples  the  division  was  made  at  one-twentieth 
inch.  The  solutions  used  for  washing  the  samples  were  a  calcium- 
chloride  solution  of  1.35  specific  gi*avity  and  a  zinc-chloride  solution 
of  1.65  specific  gravity.  Solutions  of  1.45  and  1.90  specific  gravity 
were  also  used  occasionally.  The  clean  coal,  low  in  ash,  floats  upon  a 
solution  of  1.35  specific  gravity.  Moderately  high-ash  coal  sinks  in 
a  solution  of  this  gitivity,  but  floats  upon  a  solution  of  1.45  specific 
gravity.  Coal  very  high  in  ash  is  heavier  than  1.45,  but  floats  upon  a 
solution  of  about  1.65  specific  gravity,  while  the  slate  and  p3'^rites 
sink  in  solution  of  this  gravity.  The  results  obtained  by  washing  the 
samples  upon  these  diflFerent  solutions  and  the  analysis  of  the  resultant 
products,  together  with  the  analysis  of  the  original  sample  and  the 
analysis  of  samples  obtained  from  actual  washing  tests  made  at  the 
washery  connected  with  the  fuel-testing  plant  upon  5-  to  6-ton  lots  of 
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certain  of  the  coals,  are  given  in  the  tables  of  results  below.  As  these 
laboratory  samples  were  all  crushed  to  one-half  inch  and  finer  before 
testing,  these  results  do  not  necessarily  show  what  might  be  done 
with  the  coal  crushed  to  other  sizes.  They  do,  however,  give  an  indi- 
cation of  the  possible  improvements  which  may  be  expected  from 
washing. 

The  **  one-fortieth  inch  and  finer"  portion  of  the  sample  was  tested 
as  follows:  The  sample  was  stirred  up  with  water,  and  after  settling 
for  one  minute  the  liquid  was  decanted  oflf  very  closely  and  the  remain- 
ing portion  was  dried,  weighed,  and  analyzed.  The  loss  on  decanta- 
tion  indicates  in  a  very  general  way  the  extent  to  which  the  coal 
breaks  down  into  a  fine  powder  upon  handling  or  crushing,  and  is  an 
indication  of  the  amount  of  fine  coal  lost  during  washing.  The  par- 
ticular crushing  machinery  used  would,  however,  greatly  affect  the 
amount  of  fines  produced  in  crushing.  The  analytical  results  on  the 
portion  remaining  after  decantation  are  in  a  general  way  an  index  to 
the  way  the  impurities  separate  from  the  coal  in  crushing. 

The  interpretation  of  these  results  may  perhaps  be  understood  best 
by  a  consideration  of  the  results  derived  from  some  particular  sample, 
as  Indiana  No.  7  A.  In  this  sample  the  ash  and  sulphur  contents  in 
the  unwashed  coal  are,  respectively,  9.03  and  3.75.  The  sample  crushed 
to  ^'iinch  to  f^o  inch"  was  separated  by  sifting  into  91.1  per  cent 
coarse  and  8.6  per  cent  fine.  Considering  the  coarse  portion:  The 
part  lighter  than  1.35  specific  gmvity  amounted  to  86.7  per  cent  of 
the  entire  sample,  and  contained  6.69  per  cent  ash  and  3.05  per  cent 
sulphur.  It  is  quite  probable  that  in  actual  washing  practice  a  large 
part  of  the  **  jo  inch  and  finer"  would  be  reduced  in  ash  and  sulphur 
contents  to  about  the  same  percentage,  which  would  indicate  the  pos- 
sibility of  improving  this  coal  2  per  cent  in  ash  and  0.7  per  cent  in 
sulphur,  accompanied  by  a  washing  loss  of  about  10  per  cent.  The 
distribution  of  the  ash  and  sulphur  on  the  heavier  portion  is  shown 
by  the  percentage  results  on  the  "1.35  to  1.65"  portion  and  on  the 
portion  "  Heavier  than  1.65."  The  washery  tests  do  not  show  so  great 
an  improvement  in  ash  and  sulphur  as  might  be  expected  from  the 
analysis  of  the  portion  *'  Lighter  than  1.35,"  and  a  portion  of  the  "  1.35 
to  1.65"  specific  gravity  material  evidently  remained  with  the  washed 
coal.  However,  washery  tests  upon  such  small  lots  of  coal  can  not 
be  expected  to  give  the  best  results;  also  the  possible  improvement  at 
i-inch  size  is  apt  to  be  greater  than  can  be  obtained  at  li-inch  size,  at 
which  the  sample  was  worked  at  the  washery.  The  results  of  the 
laboratory  tests  indicate  that  the  high  sulphur  and  the  comparatively 
high  ash  in  the  washed  coal  from  the  washery  is  not  the  fault  of  the 
washing,  but  is  due  to  the  combination  in  which  the  ash  and  sulphur 
occur,  showing  that  a  very  low  ash  and  sulphur  product  can  not  be 
obtained  from  this  coal  by  washing.     The  laboratory  tests  do,  how- 
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ever,  indicate  that  under  the  best  conditions  of  washing  there  would 
be  some  improvement,  but  not  much,  over  the  results  obtained  at  the 
washery  of  the  fuel-testing  plant. 

Determinations  of  €uh  and  sulphur  in  coal  samples  variously  treated. 

ILLINOIS  NO.  9  A. 
[Unwashed  coal— fwh.  11.21;  sulphur,  4.58.] 


Portion. 

Ash. 

Sulphur. 

Compared  with 
original  sample. 

Ash. 

Sulphur. 

First  series: 

k  inch  to  JW  Inch 

91.9 
75.2 
12.1 
4.2 

Liffhter  than  1.35 

6.08 
21.04 
58.84 

3.16 

4.80 

16.93 

4.57 
2.55 
2.45 

2.38 

1.85  to  1.65 

.58 

Heavier  than  1.65 

.71 

JW  inch  and  finer 

9.0 
2.3 
5.6 

• 

91.9 
84.9 
7.7 

Very  fine,  decanted  « 

.26 

.78 

.10 

R^maind^r 

13.88 

4.20 

04 

1 

RptfVfefiH  HpriAfi* 

10.61 

4.01 

i  inch  to  ^  inch 

Liirhter  than  1.46 

8.22 
44.02 

3.32 
14.12 

6.98 
8.39 

2.82 

Heavier  than  1.45 

1.09 

J^  inch  and  finer 

7.7 
2.4 
5.6 

Very  fine,  decanted  « 

.27 

.78 

.11 

RipniAinder ....        . ,  ^ 

13.88 

8.14 

8.26 

4.*26' 

3.63 
3.71 

.24 

Washed  at  Ij-inch  size: 

Sample  No.  1 

11.42 

4.26 

No.  2 

ILLINOIS  NO.  11  B. 
[Unwashed  coal— ash,  12.54;  sulphur,  2.86.] 


i  inch  to  ^  inch 

Lighter  than  1.35. 

1.85  to  1.65 

Heavier  than  1.65 


^  inch  and  finer 

Very  fine,  decanted  a. 
Remainder 


80.1 


56.5 

16.1 

6.7 


19.5 


6.8 
13.7 


5.71 
17.49 
58.42 


17.42 


1.72 

2-48 

11.91 


3.15 


3.22 
2.82 
3.33 


.73 
2.39 


1-2.49 


0.97 
.40 
.68 


.17 
.43 


2.65 


ILLINOIS  NO.  19  B. 
[Unwashed  coal  (boiler-test  sample.  No.  2044)— ash,  10.57;  sulphur,  0.49.] 


i  inch  to  ^  inch 

92.8 
80.9 
5.6 
6.5 

Lighter  than  1.35 

4.79 
27.03 
65.75 

0.68 
.52 
.29 

8.88 
L51 
4.28 

0.61 

1.35  to  1.65 

.03 

Heavier  than  1.65 

.02 

^  inch  and  finer 

6.9 
3.5 
3.4 

Very  fine  decanted  a 

.37 
.55 

.02 

Remainder 

16.05 

.60 

.02 

10.59 

.00 

a  Estimated  from  results  on  unwashed  coal. 
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IMfrmmalion*  of  (uh  and  luiphiir  in  roal  >iimple»  rarioujrfy  Irenlrd — Timtinued. 

[Unwul 


A«h. 

Sulphur. 

SI    fl                                                             ' 

B 

l.(«l 

I1.66 
2.10 

{Si^.m'I'.'t:::::;:::::::::::: 

ii-» 

.« 

ItT — ■ 

(t.26 
7.119 

3.M 

.>a 

1  '■"' 

1S.« 

Z.W 

INDIANA  NO.  II. 

lUnwuhed  i-oHl  (l«>llor-lwl  namplc.  N.j.  19i")— i 


■i^l 

"tsp'JL'cl"'"'"^ 

1 

1 

\    

■!:S 

11 '1 

17.10 

li 

1,.7.|           l« 

INlllASA  NO 
lUniruhcil  e«l  IbtilleMvut  stmplc,  No. 


I  inch  (o  A  tixli 

Ushler  than  1.36.. 
llAtol.K 


INDIANA  NO.  9  B. 

[CnwMhfd  c-oiil  (holler-test  Mm[.li>,  N...  -Jta^)— luh,  10.B8:  milphi 


)  inch  to  A<ucb--' 
UKhtei  than  1. 
l.£tol.» 


J^  Inch  and  flner 

VeryflM.daesnted'i... 


Wubed  at  IHneh  il 


«a.7& 

IS.  70 

l.WI             .RZ 

2-«!             .BS 

12.44  1           3.12 

BM 

2.B1 
1.N 

i 

1 

o  Estimated  from  remilM  on  unwubed  coal. 
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Determinations  of  ash  and  sulphur  in  coal  samples  iHiriously  treated — Continued. 

INDIANA  NO.  11. 
[Unwashed  coal  (boiler-test  sample,  No.  2421)— ash,  8.(i0;  sulphur,  1.61.] 


Portion. 

Ash. 

Sulphur. 

Compared  with 
original  sample. 

Ash. 

Sulphur. 

• 

i  inch  to  ^  int:h 

80.9 
72.4 
4.9 
3.4 

Lighter  than  1.35 

6.10 
25.90 
54.34 

1.22 

2.78 

10.14 

4.42 
1.27 
1.85 

0.88 

1.35  to  1.65 

.14 

Heavier  than  1.65 

.34 

^  inch  and  finer 

18.7 

9.7 
9.0 

Very  fine,  decanted  a 

.83 
1.25 

.16 

Remainder 

18.69 

2.30 

.21 

9.62 

1.73 

KENTUCKY  NO.  6. 
[Unwashed  coal  (boiler-test  (ample,  No.  2662) — ash,  3.15;  sulphur,  0.44.] 


i  inch  to  ^  inch 

Lighter  than  1.35. 

1.35  to  1.65 

Heavier  than  1.65 


^  inch  and  finer 

Very  fine,  decanted  a. 
Remainder 


89.8 


88.4 
.6 
.6 


9.8 


6.0 
3.9 


2.27 
27.30 
71.61 


6.85 


0.56 
.71 

.85 


70 


2.01 
.15 
.43 


.19 
.27 


3.05 


0.50 
.00 
.01 


.03 
.03 


,57 


MISSOURI  NO.  5. 
[Unwashed  (boiler-test  sample,  No.  2892)— ash,  16.94;  sulphur,  5.60.] 


\  inch  to  ^  inch 

Lighter  than  1.35. 

1.35  to  1.65 

Heavier  than  1.65 


^  inch  and  finer 

Very  fine,  decanted  a. 
Remainder 


IVashed  at  l}-inch  size: 

Sample  No.  1 

No.  2 


9L6 


74.7 
8.4 
9.4 


8.2 


3.3 
4.9 


6.86 
23.13 

55.85 


25.30 


10.28 
10.12 


3.17 

6.97 

16.28 


6.73 


4.10 
3.94 


5.12 
1.94 
5.25 


.57 
1.24 


14.12 


2.37 

.59 

1.53 


19 
33 


5.01 


MISSOURI  NO.  6. 
[Unwashed  coal  (boiler-test  sample.  No.  2927)— ash,  11.67;  sulphur.  5.52.] 


h  inch  to  A  inch I  89. 2 

Lighter  than  1.35 \         79.6 


1.35  to  1.65 
Heavier  than  1.65 


^  inch  and  finer 

Very  fine,  decanted  o. 
Remainder 


7.0 
6.1 


10.4 


2.0 
8.4 


6.96 
21.08 
46.89 


16.55 


3.69 

8.33 

20.81 


6.66 


5.54 
1.48 

2.86 


.23 
1.39 


11.50 


2.94 

.58 

1.'27 


.11 
.  o6 


5.46 


a  Estimated  from  results  on  unwashed  coal. 
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Determinations  of  ash  and  sulphur  in  coal  sampks  ifirionsb/  treated — Continued. 

OHIO  NO.  1. 
[ITnwashed  coal  (boiler-tc,««t  sample,  No,  2136)— ash,  16.91;  sulphur,  5.34.] 


Portion.  ■     Ash. 


Sulphur.  I  _ 


Compared  with 
original  sample. 


Ash. 


i  inch  to  ,'o  inch 87. 0 

Lighter  than  1.35 57. 5 

1.35  to  1.66 1  16.8 

Heavier  than  1.65 7. 3 


Sulphur. 


5.97 
18.91 
54.36 


^  inch  and  finer ,  12. 9 

Very  fine,  decanted  « '  7. 3 

Remainder '  5. 7 


Wa.^hed  at  IJ-inch  size: 
Sample  No.  1 


2.91 

5.  S7 

15.01  i 


3.43 
8.18 
3.07 


29.66 


9.20 


7.04 


»>.  yM 


1.23 
1.69 


1.67 

.98 

1.10 


.39 
.40 


13.60 


4.64 


OHIO  NO.  5. 
[Unwashed  coal  (boiler-test  sample,  No.  2101)— ash,  8.02;  sulphur,  1.65.] 


I 

i  inch  and  ^  inch 90. 8 

Lighter  than  1.35 78.1 

1.35  to  1.65 •....  7.5 

Heavier  than  1.65 i  3.4 


I 


4.77 
17.33 
69.67 


,\,  inch  and  finer 8. 9 

Very  fine,  decanted  « 6. 4 


Remainder. 


2. 6  12. 70 


1.39  ' 

2.53 

3.?2 


3.73  I 
1.30  ! 
2.37  ; 


1.09 
.19 
.13 


2.74 


.51 
,33 


.10 
.07 


8.24 


1.58 


PENNSYLVANIA  NO.  8. 
[Unwashed  coal  (boilor-test  sample.  No.  2446)— ash,  6.33;  sulphur,  0.S9.] 


i  inch  to  ^  inch 

Lighter  than  1.35. 

l.Stol.65 

Heavier  than  1.65 


78.5 


^  inch  and  finer 

Very  fine,  decanted  a 
Remainder 


71.0 
4.8 
1.6 


21.2 
12.  6 
8.6 


6.02 
21.19 
51.98 

0.58 
1.49 
8.36 

3.56 

1.02 

.83 

0.41 
.07 
.13 

.80 
.65 

.ii 

7. 5i 

1.10 

.(9 

6.86 

.81 

PENNSYLVANIA  NO.S.  7  A  AND  7  B. 
[Unwashed  coal  (boiler-test  sample.  No.  2182)— nsh,  11.36;  sulphur,  1.68.] 


i  inch  to  A  inch 90.6 

Lighter  than  1 .35 73. 5 

l.Stol.66 I         14.6 

Heavier  than  1.65 1. 1 


^  inch  and  finer I    9.  o 

Very  fine,  decanted  a 7. 4 

Remainder 1.-7 


Washed  at  l|-inch  size: 

Sample  No.  1 

No.2 


8.  si 

23.12 
43. 65 

1.40 
2. 03 
9.71 

6.48 

3.  .38 

.48 

1.03 
.30 
.11 

1 

.H4  1 
.21 

.  13 

12. 53 

10.62 
11.36 

3  59 

1.63 
1.68 

.00 

11.39  1 

1.63 

1 

a  Estimated  from  results  on  unwaslicd  coal. 
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Determinations  of  ash  and  sulphur  in  coal  samples  variously  treated — (Continued. 


PENNSYLVANIA  NO.  10. 
[Unwashed  coal  (boiler-test  sample,  No.  2373)— a.sh,  6.37;  sulphur,  1.3.5.] 


h  inch  to  ^  inch 

Lighter  than  1.35. 

1.35  to  1.65 

Heavier  than  1.65 


^  inch  and  finer 12. 7 

Very  fine,  decanted  « 7. 6 

Remainder 5,X) 


Portion. 

Ash. 

Sulphur. 

Compared  with 
original  sample. 

Ash. 

Sulphur. 

87.0 

1 
1 

78.5 
5.6 
1.9 

4.50 
13. 15 
62. 70 

1.07 
1.84 
8.70 

3.53 

.75 

1.19 

0.85 
.10 
.17 

!•)    •? 

.48  j 
.48  1 

.11 

9.49 

2.27 

.11 

1 

6.43 

1.34 

TENNESSEE  NO.  6. 
[UnwHshed  coal  (boiler-test  sample.  No.  3102) — aah,  14.86;  sulphur,  O.SO.] 


i  inch  to  4\f  inch 

Lighter  than  1.35. 

1.35  to  1.65 

Heavier  than  1 .65 


^  inch  and  finer 

Very  fine,  decanted  o. 
Remainder 


93.8 
71.5 
'      ■     7.7 
14.0 

3.42 
20.64 
70.99 

0.67 
1.18 
2.74 

2.45 
1.69 
9.94 

0.^7 
.09 
.38 

5.9 
2.7 

.......... 

."46' 

.75 

.02 

3.3 

22.75 

1.08 

.04 

15.13 

1.00 

VIRGINIA  NO.  4. 
[Unwashed  coul  (boiler-test  sample,  No.  2533)— ash,  4.02;  sulphur,  0.45.] 


i  inch  to,\,  inch 

Lighter  than  l.;V>. 

1.35  to  1.65 

Heavier  than  1.65. 


^0  inch  and  finer '.    6. 8 

Very  fine,  decanted  a =  4.6 

Remainder i  2. 3 


10. 24 


77  : 


,18 
24 


4.19 


92.8 

88.3 
1.3 
2.6 

1.93 
15. 91 
72.22 

0.48 
.95 
.92 

1.70 
.20 

1.877 

0.41 
.01 
.02 

.02 
.02 

.48 


VIRGINIA  NO.  2. 
[Unwashed  coal  (boiler-test  sample,  No.  2557)— ash,  6.58:  sulphur,  0.83.] 


i  inch  to^  inch 

Lighter  than  1.35. 

1.35  to  1.65 

Heavier  than  1.65 


a\j  inch  and  finer 

Very  fine,  decanted  a 
Remainder 


82.6 


71.2 
9.0 
1.3 


17.1 


12. 6 
4  6 


1 

2  74  , 

16.57  i 
60.02 

0. 69 
1.35 
9.65 

1.95 
1.49 

.78 

0.49 
.12 
.13 

.S2 
.57 

.10 

1J.:« 

1.23 

.06 

Wa.Hhed  at  IJ-inch  size: 

Sample  No.  1 

No.  2 

No.  3 


4.15 
4  C)2 
4.5:) 


92 

8C. 


1          5. 61 

.90 

1 

1 

aEstininte<l  from  results  on  unwashed  coal. 
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Delermin€Uions  of  ash  and  sulphur  in  coal  samples  variously  treated — Continued. 

WEST  VIRGINIA  NO.  13. 
[Cnwashed  coal  (boiler-test  sample,  No.  2058)— ash,  3.93;  sulphur,  0.96.] 


Portion. 

Ash. 

Sulphur. 

Compared  with 
original  sample. 

Ash. 

Sulphur. 

\  inch  to  ^  inch 

93.6 
89.1 
2.2 
1.7 

Lighter  than  1.35 

2.4i 
20.72 
70.16 

0.83 
1.27 
2.59 

2.15 

.46 

1.19 

0.74 

1.35  to  1.65 

.03 

Heavier  than  1.65 

.04 

A  inch  and  finer 

6.1 
3.6 
2.5 

Very  fine,  decanted  « 

."i4* 

.24 

.04 

Remainder 

9.64 

1.08 

.03 

4.18 

.88 

WEST  VIRGINIA  NO.  14. 
[Unwashed  coal  (boiler-test  sample,  No.  2052) — ash,  2.27;  sulphur,  1.07.] 


^  inch  to^  inch 88.6 


Lighter  than  1.35 

1.35  to  1.65 

Heavier  than  1 65 


^  inch  and  finer 

Very  fine,  decanted  a. 
Remainder 


84.4 
1.0 
1.0 


11.1 


7.7 
3.4 


1.52 
14. 52 
58.60 


7.10 


0.88 

2.11 

13.45 


1.89 


1.28 
.15 
.59 


.17 
.24 


2.43 


0.74 
.02 
.13 


.08 
.07 


1.04 


WEST  VIRGINIA  NO.  18. 
[Unwashed  coal  (boiler-test  sample,  No.  2607)--a.sh,  6.21;  sulphur,  0.67.] 


i  inch  to  JW  Inch 

91.0 
86.0 
3.0 
1.0 

Lighter  than  1.36 

4.88 
22.81 
62.55 

0.68 
.50 
.57 

4.20 
.68 
.63 

0.59 

1.35  to  l.fi5 

.02 

Heavier  than  1.65'. 

.01 

A  inch  and  finer 

8.6 
6.1 
2.5 

Very  fine,  decanted^ 

.38 
.20 

.04 

Remainder r 

7.97 

.83 

.02 

6.09 

.68 

WYOMING  NO.  2  B. 
[Unwashed  coal  (boiler-test  sample,  No.  2164)— ash,  21.38;  sulphur,  4.41.] 


^neh  to  ^  inch 
Lighter  than  1.35 
1.35  to  1.66 
Heavier  than  1.65 


^  inch  and  finer 

Very  fine,  decanted  a 
Remainder 


1 

10.85 

:n.8i 

64.30 

4.34 
3.27 

6.48 

6.77 
6.81 
7.78 

2.70 
.70 

.78 

a  Estimated  from  results  on  unwashed  coal. 
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Determinations  of  ash  and  sulphur  in  coal  samples  variously  treated — Continued. 

SPECIAL  TEST  ON  REFUSE  FROM  A  WASHING. 
[Original  refnso— ash,  47.50:  sulphnr,  1.71.] 


i  inch  to  A  inch 

Lighter  than  1.35. 

1.35  to  1.65 

Heavier  than  1.65 


^  inch  and  finer 

Very  fine,  decanted  a. 
Remainder 


Portion. 

85.2 
15.0 
17.7 
51.4 

Ash. 

Sulphur. 

Ck>mpared  with 
original  sample. 

Ash.     1  Sulphur. 

12.23 
28.13 
64.88 

0.88 

.76 

1.79 

1.83 

4.98 

33.36 

0.13 
.13 
.92 

14.5 

3.0 
11.6 

1.43  1             .05 

33.27 

1.48 

3.83                .17 

1 

45. 42 

1.40 

o  Estimated  from  results  on  original  refuse. 
VOLATILE    MATTER    IN    COALS   AND   LIGNITES." 

The  official  method  of  deterniiniiig  vohitile  matter,  recommended 
by  the  committee  on  coal  analysis  appointed  by  the  American  Chem- 
ical Societ}',  is  as  follows: 

Place  1  gram  of  fresh,  imdried,  powdered  coal  in  a  platinum  crucible  weighing  20 
or  30  grams  and  having  a  tightly  fitting  cover.  Heat  over  the  full  flame  of  a  Bunsen 
burner  for  seven  minutes.  The  crucible  should  be  supported  on  a  platinum  triangle, 
with  the  bottom  6  to  8  centimeters  above  the  top  of  the  burner.  The  flame  should 
be  fully  20  centimeters  high  when  burning  free,  and  the  determination  should  be 
made  in  a  j)lace  free  from  draughts.  The  upper  surface  of  the  cover  should  burn 
clear,  but  the  under  surface  should  remain  covered  with  carbon.  To  find  "volatile 
combustible  matter,"  substract  the  per  cent  of  moisture  from  the  loss  found  here. 

'^This  method  has  been  used  regularly  in  the  volatile  determinations 
made  in  the  la})orator3',  the  only  modification  being  that  the  flame  is 
protected  from  air  currents  by  inclosing  the  apparatus  in  a  cjdindrical 
asbestos  shield  15  centimeters  long  and  7  centimeters  in  diameter,  the 
platinum  triangle  being  located  3  centimeters  below  the  top  of  the 
shield.  The  use  of  the  shield  gives  more  uniformity  in  the  heat 
treatment,  with  a  corresponding  greater  uniformity  of  results. 

In  most  coals  the  routine  results  obtained  in  the  laboratory  have 
checked  to  within  less  than  0.3  or  0.4  per  cent;  occasionally  a  sample 
has  given  trouble,  and  the  variation  between  duplicates,  without  any 
apparent  reason,  was  as  great  as  1  per  cent.  On  some  lignites  it  has 
been  found  impossible  to  obtain  close  duplicates,  and  on  a  few  samples 
the  official  method  gives  very  inaccurate  determinations — as*  may  be 
shown  by  the  following  results  obtained  in  the  laboratory  upon  two 
different  samples,  Nos.  2734  and  2704,  of  Texas  No.  3  lignite,  which 
differed  only  in  the  amount  of  moisture  romaininof  in  the  air-dried 
sample,  and  perhaps  in  the  fineness  of  grinding: 

aBy  permission  of  Dr.  J.  .\.  Holmes,  in  charge,  and  the  director  of  the  labciriitory,  tl»e  results  of 
this  investigaliou  of  the  vohitile  matter  was  published  by  Prof.  E.  K.  Somermeier  as  a  paperiu  the 
Journal  of  the  American  Chemical  Society,  August,  1906. 
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Jjoboratory  analyses  on  samples  £734  and  'J7G4  of  Texas  Xo.  S  lignite. 


• 

Constituent. 

1 

2734. 

1. 

Samples. 
2764. 

2. 

3. 

Moisture 

9.88 
36.17 
43.65 
10.80 

1.30 

20.24 
68.48 
10.85 
10.43 
1.03 

20.24 

Volatile  matter 

•  35.42 

Fixed  carbon 

33.91 

Ash 

10.43 

Sulphur 

1.03 

This  ^reat  difference  in  the  fixed-carbon  results  shown  in  columns  1 
and  2  could  not  be  accidental,  as  all  of  the  determinations  on  both 
samples  were  duplicated.  A  series  of  determinations  was  begun,  to 
learn,  if  possible,  the  cause  of  this  great  variation.  The  two  follow- 
ing causes  were  suspected,  both  of  which  were  found  to  be  partly 
responsible  for  the  difference:  (1)  Mechanical  loss  due  to  the  throwing 
out  of  solid  particles  by  the  too  rapid  expulsion  of  the  volatile  matter. 
The  possibility  of  loss  from  this  source  is  menti6ned  in  the  report  of 
the  committee  of  the  American  Chemical  Society,  but  the  results  of 
their  experiments  are  negative.  (2)  A  different  ])reaking  down  of  the 
hydrocarbon  compounds  when  expelled  under  different  conditions  and 
in  the  presence  of  variable  amounts  of  moisture. 

The  results  of  Mr.  N.  M.  Austin's  preliminary  treatment  of  tne 
sample  with  a  low  heat  and  then  with  the  application  of  the  full  flame 
of  the  Bunsen  burner  gives  higher  results  in  fixed  carbon  than  where 
the  full  flame  of  the  Bunsen  burner  is  applied  from  the  beginning. 
The  proximate  analysis  of  sample  27G4:,  giving  the  unusual  results, 
which  was  finally  reported  by  the  laboratory,  is  shown  in  column  3. 

A  series  of  seven  results  by  the  official  method  gave  for  volatile 
matter  on  this  sample  an  average  of  02.5  per  cent,  with  a  variation 
between  high  and  low  results  of  over  12  per  cent.  Three  results  of 
volatile  matter  on  this  sample  made  after  previous  expulsion  of  the 
moisture  at  105^  C.  gave  average  volatile  matter  89.G  per  cent,  with  a 
variation  between  high  and  low  results  of  5.9  per  cent.  Preliminary 
treatment  by  driving  off  the  moisture  and  most  of  the  volatile  matter 
at  a  low  heat  was  then  tried,  the  flame  of  the  Bunsen  burner  being 
turned  down  to  10  centimeters  and  the  crucible  gradually  heated.  The 
application  of  the  heat  was  regulated  by  holding  the  burner  in  the 
hand  and  heating  in  such  a  way  as  to  expel  the  moisture  slowl}^  and 
gradually  smoke  off  most  of  the  volatile  matter,  the  volatile  matter 
escaping  freely  enough  during  the  last  minute  of  this  preliminaiy 
heating  to  burn  with  a  small  flame  around  the  edge  of  the  crucible 
cover.  Two  results  w^ith  five  minutes  of  preliminary  heating  and  then 
seven  minutes  over  the  full  flame  of  the  Bunsen  burner  gave  an 
average  in  volatile  matter  of  35.08  p(»r  ccMit,  the  variation  between  the 
two  results  being  0.23  per  cent.     Two  results  with  three  minutes'  pre- 
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liminary  heating  and  seven  minutes  over  the  full  flame  of  the  Bunsen 
burner  gave  an  average  of  35.6  per  cent,  with  a  variation  of  0.75  per 
cent  between  results.  A  result  obtained  by  four  minutes  of  prelimi- 
nary heating  and  then  seven  minutes  over  the  full  flame  gave  35.42 
per  cent.  The  difference  in  results  obtained  by  the  three-,  four-,  and 
five-minute  preliminary  treatment  is  small,  and  in  all  subsequent 
experimental  tests  the  time  of  the  preliminary  heating  was  four 
minutes.  To  determine  the  mechanical  losses  and  difference  in  vola- 
tile compounds  given  off,  a  number  of  ash  determinations  were  made 
after  the  driving  off  of  the  volatile  matter  by  the  oflScial  method  and 
after  driving  off  the  volatile  matter  in  connection  with  the  prelimi- 
nary heating.  The  results  of  volatile  matter  and  ash  on  three  deter- 
minations by  the  oflicial  method  and  on  two  determinations  by  the 
modified  method  of  four  minutes  of  preliminary  heating  and  then 
seven  minutes  over  the  full  flame  are  as  follows: 

Determinations  of  volatile  matter  by  tiro  methods. 


Constituent. 

Official  method. 

Modified 
method. 

1. 

2. 

3. 

4. 

5. 

Volatile  matter 

66.72 
4.30 

67.47 
4.38 

54.82 
a7.26 

36.06 
11.16 

36.65 

Ash 

11.15 

a  This  reeiiilt  is  possibly  explained  by  the  fact  that  this  sample  stood  for  two  hours  in  the  crucible 
after  weighing  out,  and  a  considerable  amount  of  the  moisture  content  may  have  escaped  before  the 
sample  was  treated  for  the  determination  of  the  volatile  matter. 

That  mechanical  losses  occurred  during  the  i^apid  evolution  of  the 
volatile  matter  by  the  official  method  was  also  indicated  by  the  shower 
of  solid  carbon  particles  driven  off  as  sparks  during  the  first  few  min- 
utes, while  with  the  preliminary  heating  these  sparks  were  nearly  or 
entirely  absent.  The  average  volatile  matter  on  the  first  two  deter- 
minations was  67.1  per  cent,  the  average  ash  4.34  per  cent.  The  aver- 
age volatile  matter  on  the  two  results  by  the  modified  method  was 
36.35  per  cent,  ash  11.15  per  cent.  The  moisture  in  the  sample  deter- 
mined at  this  time  was  19.78,  giving  fixed  carbon  32.72  per  cent.  The 
difference  in  the  ash  results  on  the  two  pairs  is  6.81  per  cent,  or  the 
part  of  the  ash  driven  off  mechanically  by  the  regular  method  is  6.81-i- 
11.15,  or  61  per  cent.  Taking  this  portion  of  the  fixed-carbon  result 
by  the  modified  method  gives  20  per  cent  as  the  amount  of  fixed  car- 
bon expelled  mechanically  in  the  first  determinations.  The  results  by 
the  official  method  after  making  this  correction,  and  also  after  taking 
the  correct  ash  value,  are  shown  in  column  1  of  the  table  below. 

After  making  this  correction  for  mechanical  losses  the  difference 
in  the  fixed  carbon  by  the  two  processes  is  still  10.75  per  cent,  which 
difference  must  be  due  to  the  difl'erence  in  the  ])reaking  down  of  the 
hydrocarbon  compounds  by  the  different  heat  treatment.     The   ash 
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from  the  third  result  by  the  oflScial  method  was  7.25  per  cent,  or  the 
loss  of  ash  3.9  per  cent,  (correction  for  fixed  carbon  mechanically 
carried  oflf  is  accordingly  3.9-4-11.15,  or  35  per  cent.  This  portion  of 
the  fixed  carbon  as  shown  by  the  modified  method  gives  11.4  per  cent 
as  the  amount  of  fixed  carbon  expelled  mechanically.  The  result, 
after  making  the  fixed-carbon  and  ash  corrections,  is  shown  in  column 
2  of  the  following  table: 

Correrti'd  determinations  hij  the  official  method. 


Constituent. 

Corrected  results. 

1. 

2. 

Moisture ". 

19.78 
47.10 
21  97 
11. 1& 

19. 78 

V'olatile  matter 

43. 42 

Fixed  carbon 

25.65 

Ash , 

11.15 

100.00 

100.00 

The  difference  in  this  case  in  fixed  carbon,  due  to  the  different  heat 
treatment,  is  7.07  per  cent.    * 

This  particular  sample  was  very  finely  ground.  To  find  out  how 
much  the  difference  in  result  was  due  to  the  fineness  of  grinding  a 
duplicate  portion  of  the  same  sample. was  ground  down  till  it  passed  a 
40-mesh  sieve.  The  results  of  duplicates  by  the  official  method  and 
by  the  modified  method  are  shown  in  the  next  table.  The  proximate 
analysis  of  the  first  sample  by  the  modified  method  is  shown  in  column 
2.  The  correction  for  fixed  carbon  to  be  applied  to  the  result  of  the 
official  method  is  0.95-^11.20,  or  8.5  per  cent  of  the  fixed-carbon 
result  of  the  modified  method,  which  is  2.9  per  cent.  The  results  by 
the  official  method,  after  correcting  for  mechanical  loss  of  fixed  carbon 
and  ash,  are  shown  in  colunm  1.  The  difference  in  fixed  carbon  be- 
tween  the  two  methods,  due  to  different  heat  treatment,  is  3.45  per 
cent.  These  resu  S^  show,  at  least  for  lignites,  that  the  fineness  of  the 
sample  has  an  important  effect.  Upon  a  second  sample  of  lignite, 
similar  to  the  first  except  that  it  contained  more  moisture  (30.45  per 
cent),  the  average  results  by  the  modified  process  are  as  tabulated  in 
column  4.  A  comparison  of  the  results  in  volatile  matter  and  ash  b}^ 
the  official  method  shows  that  the  correction  to  l)e  applied  to  the  fixed 
carbon  and  ash  for  mechanical  loss  is  2.71-^10.^3.  These  corrections, 
as  applied  to  the  results  obtained  ])y  the  official  method,  are  shown  in 
column  3. 
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Determinations  on  sample  ground  to  pass  a  40-mesh  sieve. 


First  sample. 


Second  sample. 


Constituent. 

Official 
method. 

Modified 
method. 

Official 
method. 

Modified 
method. 

1. 

2. 

3. 

4. 

Volatile  matter 

42.07 

10.25 

.95 

a5. 72 
11.20 

44.40 
8.12 
2.71 

80.97 

Ash 

10.83 

Loss  in  ash 

Proximate  analysis; 

Moisture 

«]9.35 
a  39. 17 
a30.28 
a  11. 20 

19.35 
35.72 
33.73 
11.20 

a30.45            30.45 

Volatile  matter 

a  37. 43 
a  21. 29 
a  10. 83 

30.97 

Fixed  carbon 

27.75 

Ash 

10.88 

100.00 

100.00 

100.00 

100.00 

a  After  correcting  for  mechanical  loss  of  fixed  carbon  and  ash,  the  diflference  in  the  fixed-carbon 
results  between  the  two  samples,  due  to  different  heat  treatment,  is  6.46  per  cent. 

To  test  the  effect  of  the  fineness  of  grinding  upon  the  determination 
of  the  volatile  matter  in  ordinary  bituminous  coal,  a  sample  of  coal, 
Kentucky  No.  1  C,  containing  2  per  cent  moisture,  5.7  per  cent  ash, 
and  0.9  per  cent  sulphur,  was  still  furtjjer  reduced  in  ash  content  by 
floating  on  a  calcium-chloride  solution  of  1.32  specific  gravity.  The 
lighter  portion  was  then  thoroughly  air  dried  and  separated  by  sifting 
into  five  sizes,  and  proximate  analyses  of  the  parts  were  made  by  the 
official  method,  with  the  following  results: 

Determinations  for  wlaiile  matter  on  Kentucky  No.  1  C  coal. 


Sizes  of  separation  by  sifting. 

Constituent. 

itoA 

I'o  to  5^, 

A  to  j'tt 

iVjtOg^, 

A  and 
finer. 

Moisture 

Volatile  matter 

1.15 
39.05 

1.45 
38.80 

1.70 
38.55 
58. 35 

1.40 

1.90 
38.05 
58.40 

l.f.5 

2.05 
35.54 

Fixed  carbon. 

58.20 
1.60 

58.55 
1.20 

59.66 

Ash : 

2.75 

By  the  modified  process  with  four  minutes  of  :  .eliminary  heating 
the  result  in  volatile  matter  on  the  "g^o  to  ^^o"  size  was  38.75  per  cent 
and  on  the  '%'o  and  finer,"  32.85  per  cent. 

The  results  in  volatile  matter  on  these  different  sizes  are  somewhat 
higher  on  the  coarse  samples.  However,  the  different  ash  contents  of 
the  different  sizes  indicate  that  the  sizing  had  to  a  degree  separated 
the  coal  into  somewhat  different  varieties,  as  the  higher  ash  content 
of  the  finer  sample  would  not  in  itself  be  sufficient  to  account  for  the 
lower  volatile  results.  In  order  to  see  whether  the  difference  was  due 
to  the  fineness  of  grinding  or  difference  in  the  coals,  a  portion  of  the 
^%^  to  i^o"  sample  was  ground  down  in  an  agate  mortar  tiiid  the  volatile 
matter  determined  on  this  tine  portion.  The  average  of  several  results 
was  37. G  per  cent,  as  against  38.55  per  cent  on  the  coar.^e  sample. 

From  this  series  of  results  it  appears,  at  least  in  low-moisture  bitu- 
minous coals,  that  the  finer  ground  samples  give  somewhat   lower 
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volatile  matter  than  the  coarser  samples,  probably  due  to  the  more 
complete  sintering  together  of  the  tine  samples  upon  heating,  with 
the  consequent  effect  upon  the  giving  off  of  the  volatile  matter. 

In  order  to  find  out  how  much  effect  different  heat  treatment  has  on 
different  fuels,  a  series  of  samples  was  selected  ranging  from  anthra- 
cite to  peat,  most  of  the  samples  used  in  the  tests  having  been  pre- 
viously more  or  less  completely  air  dried  so  as  to  permit  of  better 
handling  in  the  laboratory.  Determinations  for  volatile  matter  were 
made  in  duplicate  by  the  regular  official  method  and  by  the  modified 
method  with  four  minutes'  preliminary  heating.  The  proximate 
analyses  of  the  samples  with  the  volatile  matter  determined  by  the 
official  method  are  shown  in  columns  1  to  5  of  the  next  table;  the 
results  for  volatile  matter  by  the  preliminary  heating  are  given  in 
column  6;  and  the  differences  in  volatile  matter  by  the  two  methods 
are  given  in  column  7.  The  determinations  for  moisture  were  all 
made  in  accordance  with  the  oflicial  method,  by  weighing  out  a  sepa- 
rate sample.  The  same  is  true  of  the  determinations  for  ash,  with  the 
exception  that  upon  two  or  three  of  the  lignite  samples  and  one  of  the 
Pennsylvania  samples  the  results  for  ash  are  those  obtained  after  the 
determination  of  the  volatile  matter  by  the  modified  process.  These 
particular  samples  and  results  are  all  specifically  mentioned  elsewhere 
(p.  42). 

Effect  of  different  heat  treatment  on  determination  of  volatile  matter. 


Fuel  treated. 


Proximate  analysis  (official  method). 


■Moisturo, 


Colorado  anthracite 

Arkansas 

Pennaylvania 

Do 

Kentucky 

Indiana 

Washington 

Indiana 

North  Dakota  lignite 

Illinois 

Texas  lignite  (fine) 

Texas  lignite  (40-me8h  dupli- 
cate)   •• 

Texas  lignite  (not  air  dried) . . 
Massachusetts  peat 


Volatih'l     Fixed 
matter. 


2.80 

.83 

.90 

1.05 

2.99 

4.20 

6.65 

8.40 

11.65 

12.40 

19.78 

19.35 
30.45 
13.25 


5.aT 
12.47 
17.35 
33.10 
37. 51 
37.70 
:i5. 87 
34.  40 
45.58 
32. 18 
62.50 

42.07 
44. 40 
49.80 


carbon. 

^-V.^ll. 

r>iii^iiiji . 

3. 

4. 

5. 

77.55 

14.60 

0.60 

72. 05 

14.65 

2.14 

74.92 

6.83 

.97 

53.;^0 

12.55 

1.76 

56.68 

2.82 

.58 

45.  r)5 

12.45 

4.13 

n.57 

12.91 

.68 

48. 72 

8.48 

1.47 

32.97 

9.80 

1.04 

42. 82 

12.60 

1.30 

6.57 

11.15 

1.03 

27.38 

11.20 

15. 42 
16. 21 

9.73 
20.74 

.58 

I  Volatile 
'   mutter 
(modified 
?thod.) 

6. 


Dif- 
ference. 


4.90 
12. 37 
16.07 

34.78 
34.67 
34. 25 
32.00 
40.17 
SO.  12 
«  35. 42 

35.72 
30.97 
47. 92 


0.15 
.10 
1.28 
2.75 
2.73 
3.03 
1.62 
2.40 
5. 41 
2.06 
27.08 

6.35 

13.43 

1.88 


aTwo  determinations  upon  the  fine  sample  of  Texas  lignite  made  by  heating  for  four  minutes  over 
a  flame  5 centimeters  high  and  then  seven  minutes  over  the  full  flume  (25  cm.)  gave  35.47  per  cent 
volatile  matter— almost  an  exact  check  upon  the  result  obtained  by  the  lour-mlnute  preliminary 
heating  ¥rlth  a  10-centimeter  flame  regulated  by  holding  burner  in  the  hand. 

With  the  exception  of  the  anthracite  and  semianthracite  samples, 
the  results  by  the  preliminary  heating,  as  compared  with  those  by  the 
official  method,  all  show  a  considerably  less  amount  of  volatile  matter 
and  a  correspondingly  greater  amount  of  fixed  carbon.  In  the  case 
of  the  lignites,  the  greater  volatile  matter  by  the  oflScial  method,  as 
has  been  shown,  is  partly  due  to  mechanical  losses. 
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In  order  to  see  if  mechanical  losses  might  account  for  the  diflferences 
on  the  bituminous  coals,  determinations  for  the  ash  after  the  determi- 
nation of  the  volatile  matter  were  made  on  one  of  the  Pennsylvania 
samples.  The  average  results  for  ash  on  the  samples  by  the  two 
methods  are:  Official  method,  12.56;  preliminary  heating,  12.58. 
These  results  indicate  no  mechanical  loss  whatever,  and  in  none  of  the 
samples  except  the  lignites  were  visible  solid  carbon  particles  driven 
off  in  the  form  of  sparks,  and  the  differences  must  be  ascribed  to  the 
different  breaking  down  of  the  hydrocarbon  compounds  by  the  differ- 
ence in  heat  treatment. 

Comparisons  of  the  results  of  volatile  matter  on  a  great  number  of 
samples  differing  from  one  another  in  moisture  content  indicate  that 
the  presence  of  loosely  held  moisture  in  the  sample  causes  a  higher 
volatile  result.  In  order  to  obtain  more  definite  data  on  this  question, 
three  samples  low  in  moisture  and  representing  widely  different  kinds 
of  coal  were  selected  for  a  series  of  determinations.  The  effect  of 
loosely  held  moisture  upon  the  determinations  for  volatile  matter  in 
each  of  these  samples  was  determined  by  adding  definite  amounts  of 
water  to  the  sample  after  weighing  out.  The  water  was  thoroughly 
mixed  with  the  sample  by  means  of  a  fine  platinum  wire  and  the  vola- 
tile determination  then  made  in  the  usual  manner  according  to  the 
official  method.  The  first  sample  selected  was  a  sample  of  Pennsyl- 
vania coal.  The  proximate  analysis  of  the  air-dried  sample  and  the 
results  for  volatile  matter  determined  in  the  presence  of  additional 
moisture  are  shown  in  the  next  table.  Air-dried  samples  of  Illinois 
coal  and  Arkansas  lignite  were  treated  in  the  same  way,  with  the  results 
also  shown  in  the  table. 


Determinations  of  volatile  matter  (percentages)  showing  effect  of  loosely  held  moisture. 


Proximate  analysis  (official 
method). 


Fuel  treated. 

Mois- 
ture. 

Pennsylvania  coal 

Illinois  coal 

1.05 

2.3o 

10.85 

Arkansas  lignite 

Vola- 
tile 

mat- 
ter. 


33.00 
39.;i5 
38.50 


Fixed 
car- 
bon. 


53.30 
44.t>5 
31.40 


Ash. 


12.55 
13.65 
19.25 


Volatile -matter  determinations  in  the 
presence  of  stated  amounts  of  added 
moisture. 


Sul-      0. 03 
phur.  gram. 


1.75 


39.  tJO 


83 


0.a5 
gmm. 


0.1 
gram. 


:«.  t>0  33. 70 
39.30  '  40.00 
40.35     41.20 


0.15 
gram. 


33.80 
40. 05 
40.90 


0.2 
gram. 


3^1.10 
39.75 
44.90 


0.3 
gram. 


33.90 


Without  exception  these  results  show  that  the  presence  of  loosely 
held  moisture  in  the  sample  increases  the  value  obtained  for  the  vola- 
tile combustible  matter.  The  average  increase  for  the  Pennsylvania 
sample  is  about  0.7  per  cent.  On  the  Illinois  sample  the  increase  for 
volatile  matter  is  0.4  per  cent.  On  the  Arkansas  litrnite  the  increase 
IS  3.3  per  cent. 

To  see  what  effect  this  loosely  held  moisture  mitjfht  have  on  the  vola- 
tile  determinations  where   the   sample  was   first  subjected   to   four 
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minutes'  preliminary  heating  over  a  low  flame,  determinations  were 
made  upon  these  samples  with  and  without  additional  moisture,  with 
the  following  results: 

Determinations  of  volatile  matter  (percentages)  after  four  minutes'  preliminary  heating, 

shomng  effect  of  loosely  held  moisture. 


Fuel  treated. 


Volatile -matter  determinations  (by 
modified  method^  in  the  presence  of 
stated  amounts  of  added  moisture. 


,  No  mois- 
I     ture 
added. 


Pennitylyania  coal 

Illinois  coal 

Arkansas  lignite. . 


30.35 
34.85 
36.90 


0.15 
gram. 

0.2 
gram. 

0.3 
gram. 

31.65 

36.10 

37. 40 

These  results  show  that  even  with  a  gmdual  preyminary  heating 
the  presence  of  loosely  held  moisture  increases  the  value  of  the  vola- 
tile determinations,  the  diflference  in  some  of  the  samples  being  as 
great  as  the  diflference  by  the  oflicial  method;  from  which  it  appears 
that  the  rapid  application  of  heat  suflScient  to  drive  oflt  this  moisture 
results  in  a  reaction  between  the  water  vapor  and  the  carbon  or  hydro- 
carbons in  the  coal. 

The  results  of  the  foregoing  experiments  and  tests  show  that  the 
value  obtained  for  volatile  matter  in  coal  is  aflfected  to  an  important 
degree:  (1)  By  the  method  of  heating  the  sample,  (2)  by  the  fineness 
of  pnlverization,  and  (3)  by  the  amount  of  loosely  held  moisture 
present.  In  bituminous  coals  these  diflferenees  do  not  exceed  3  or  4 
per  cent,  and  appear  to  be  entirely  due  to  a  diflferent  breaking  up  of 
the  hydrocarbon  compounds  under  the  diflferent  conditions  of  heat 
treatment,  fineness  of  sample,  and  amount  of  moisture  present.  In 
the  case  of  lignites,  where  the  diflference  may  be  as  high  as  25  per 
cent,  this  diflference  is  largely  due  to  the  mechanical  loss  in  the  sample 
during  the  rapid  expulsion  of  the  volatile  matter. 

In  the  routine  work  of  the  laboratory  in  making  the  determinations 
of  volatile  matter  the  oflScial  method  is  at  present  used  for  ordinary 
bituminous  coals,  while  lignites  or  other  coals  with  more  than  10  per 
cent  moisture  are  heated  for  four  minutes  at  a  low  temperature  and 
then  for  seven  minutes  over  the  full  tlame  of  the  Bunsen  burner. 
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PREFACE. 


By  Joseph  A.  Holmes. 


Immediately  after  the  San  Francisco  earthquake  and  fire  of  April 
18, 1906,  it  was  decided  to  arrange  for  an  investigation  of  their  effects 
on  buildings  and  materials  of  construction.  Accordingly,  on  April 
19  Richard  L.  Humphrey  was  sent  to  San  Francisco  for  this  pur- 
pose, as  secretary  of  the  National  Advisory  Board  on  Fuels  and  Struc- 
tural Materials  and  representing  the  structural  materials  division 
of  the  United  States  Geological  Survey.  At  the  request  of  the  Presi- 
dent, Capt.  John  Stephen  Sewell,  Corps  of  Engineers,  United  States 
Army,  was  sent  to  San  Francisco  on  a  simihir  errand  by  the  War  De- 
partment under  order  of  April  23,  1900.  Frank  Soule,  dean  of  the 
college  of  civil  engineering  of  the  University  of  California,  was  asked 
late  in  the  fall  of  1906  to  prepare  a  report  on  the  general  earthquake 
and  fire  conditions.  G.  K.  (Jilbert,  of  the  United  States  Geological 
Survey,  also  a  member  of  the  California  earthquake  investigation 
commission,  who  was  near  San  Francisco  at  the  time  of  the  disaster, 
was  asked  to  prepare  a  brief  special  report  on  the  phenomena  of  the 
earthquake. 

Mr.  Gilbert  has  brought  into  his  paper  only  the  salient  features 
and  results  of  the  earthquake,  for  the  reason  that  the  subject  is  being 
treated  more  fully  in  the  report  of  the  California  eartliquake  inves- 
tigation commission. 

Mr.  Humphrey,  who  during  the  last  two  years  has  had  charge  of 
the  structural  materials  laboratories  of  the  United  States  Geological 
Survey,  has  had  many  years'  expcTience  in  the  investigation  of  struc- 
tural materials,  especially  with  regard  to  their  fire-resisting  qualities. 

Before  going  to  San  Francisco  Captain  Sewell  had  studied  care- 
fully the  effects  of  fire  on  buildings  and  materials,  especially  a^  indi- 
cated by  the  results  of  the  confhigration  at  Baltimore  in  1904. 

Professor  Soule  has  had  the  advantage  not  only  of  a  large  experi- 
ence, but  also  of  being  thoroughly  familiar  with  the  conditions  in 
San  Francisco  prior  to  the  earthquake  and  fire,  and  of  being  on  the 
ground  during  their  o(*(;urrence.  He  has  had  subsequently  every 
opportunity  for  studying,  at  first  hand  and  in  great  detail,  the  effects 

of  both  the  earthquake  and  the  fire. 

zi 


XII  PREFACE. 

The  investigations  of  these  three  engineers  were  conducted  inde- 
pendently, and  their  reports  have  been  prepared  without  collabora- 
tion. Under  these  circumstances  there  are  necessarily  some  differ- 
ences of  opinion  as  to  matters  of  detail,  but  as  to  the  more  important 
features  the  writers  are  in  hearty  accord.  About  four  hundred  illus- 
trations were  submitted  with  the  original  reports;  many  of  these  do 
not  appear  with  the  printed  reports  because  their  use  would  have 
involved  duplication,  but  wherever  a  view  given  by  one  author  was 
-  rejected  because  of  its  similarity  to  a  view  by  another  author  show- 
ing the  same  engineering  features,  a  reference  to  the  accepted  view 
has  been  inserted.  The  legend  appended  to  each  illustration  indi- 
cates whether  the  original  view  was  actually  taken  by  the  author  or 
was  procured  from  another  source. 

Persons  interested  in  this  subject  are  advised  not  only  to  read  each 
of  these  papers,  but  also  to  consult  a  number  of  other  important 
papers  on  this  subject  which  have  appeared  in  the  different  technical 
journals  and  the  proceedings  of  technical  societies  during  the  last 
several  months.     (See  list  at  end  of  bulletin,  pp.  159-lGl.) 


THE  SAN  FRANCISCO  EARTHQUAKE  AND  FIRE  OF  APRIL 
18,  1906,  AND  THEIR  EFFECTS  ON  STRUCTURES  AND 
STRUCTURAL  MATERIALS. 


By  G.  K.  Gilbert,  R.  L.  Humphrey,  J.  S.  Sewell,  and  Frank  Soule. 


THE  EARTHQUAKE  AS  A  NATURAL  PHENOMENON. 


By  G.  K.  Gilbert. 


INTRODUCTION^. 

The  investigations  to  wliicli  the  San  Francisco  earthquake  has 
given  rise  are  of  two  classes — the  study  of  the  natural  phenomena 
constituting  or  associated  with  the  earthquake,  and  the  study  of  the 
relations  of  the  San  Francisco  earthquake  and  future  earthquakes  to 
human  activities. 

The  principal  studies  of  the  earthquake  as  a  natural  phenomenon 
are  .under  the  direction  of  the  California  earthquake  investigation 
commission,  which  was  appointed  by  the  governor  of  the  State 
three  days  after  the  occurrence  of  the  shock.  The  human  or  economic 
aspects  of  the  subject  have  been  studied  chiefly  by  engineers  and 
architects,  of  whom  a  number  have  acted  in  private  capacity,  wliile 
others  have  acted  as  the  representatives  of  governmental  or  private 
organizations.  In  many  of  the  architectural  studies  the  eartliquake 
and  fire  have  been  considered  together,  as  the  destructive  effects  of 
these  two  sources  of  danger  were  closely  associated  in  the  San 
Francisco  disaster. 

This  volume  is  devoted  to  certain  economic  aspects  of  tlie  subject, 
and  the  present  chapter  on  natural  phenomena  of  the  earthquake 
selects  those  features  which  seem  contributory  to  an  understanding 
of  the  papers  which  follow.  A  fuller  account  of  the  earthquake 
may  be  found  in  the  preliminary  report  of  the  State  conunission 
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above  referred  to;  and  a  monographic  report  is  to  be  expected  when 
the  labors  of  this  commiasion  shall  have  been  completed.*' 

An  earthquake  is  a  jar  occasioned  by  some  violent  rupture.  Some- 
times the  rupture  results  from  an  explosion,  but  more  commonly 
from  the  sudden  breaking  of  rock  under  strain.  The  strain  may  be 
caused  by  the  rising  of  lava  in  a  volcano  or  by  the  forces  that  make 
mountain  ranges  and  continents.  The  San  Francisco  earthquake  of 
April  18,  1906,  had  its  origin  in  a  rupture  associated  with  mountain- 
making  forces.  A  rupture  of  this  sort  may  be  a  mere  pulling  apart 
of  the  rocks  so  as  to  make  a  crack,  but  examples  of  that  simple  type 
are  comparatively  rare.  The  great  nuijority  of  ruptures  include  not 
only  the  making  of  a  crack  but  the  relative  movement  or  sliding  of 
the  rock  masses  on  the  two  sides  of  the  crack ;  that  is  to  say,  instead 
of  a  mere  fracture  there  is  a  geologic  fault.  After  a  fault  has  been 
made  its  walls  slowly  become  cemented  or  welded  together;  but  for 
a  long  time  it  remains  a  plane  of  weakness,  so  that  subsequent  strains 
are  apt  to  be  relieved  by  renewed  slipping  on  the  same  plane  of 
rupture,  and  hundreds  of  earthquakes  may  thus  originate  in  the 
same  place. 

A  faulting  may  occur  far  beneath  the  surface  and  be  known  only 
through  the  resulting  earthquake;  but  some  of  the  quake-causing 
ruptures  extend  to  the  surface,  and  thus  become  visible.  The  New 
Madrid  and  Charleston  earthquakes  are  examples  of  those  having 
deep-seated  origins;  the  shocks  at  Inyo  and  San  Francisco,  of  those 
whose  causative  faults  reached  the  surface  of  the  ground. 

The  San  Francisco  earthquake  had  its  origin,  wholly  or  chiefly,  in 
a  new  slipping  on  the  plane  of  an  old  fault.  The  trend  of  the  fault 
is  northwest  and  southeast,  and  it  is  known  through  a  distance  of  sev- 
eral hundred  miles.  Visible  evidence  of  fresh  sli[)j)ing — a  surface 
trace,  to  be  described  presently — does  not  appear  through  its  whole 
extent,  but  has  l)een  traced  from  San  Juan  at  the  south  to  Point 
Arena  at  the  north  (fig.  1),  a  distance  of  about  180  miles.  Because 
the  earthquake  was  severe  in  Priest  Valley,  (JO  miles  southeast  of  San 
Juan,  it  is  thought  that  subterranean  slipping  on  the  old  fault  plane 
extended  bevond  San  Juan.  At  Point  Arena  the  visible  fault  trace 
passes  under  the  ocean,  and  the  line  of  its  trend  does  not  again  touch 
the  coast,  so  that  its  northwestern  course  and  extent  are  in  doubt, 
A  fault  trace  which  appears  at  Point  Delgada,  75  miles  to  the  north, 
may  be  part  of  its  continuation  or  may  represent  a  separate  fracture. 
In  a  general  way  the  intensity  of  the  shock  was  greatest  near  the 

"The  CaUfornia  earthquake  investigation  commission  is  composed  of  Andrew  C. 
Lawson  (chairman),  A.  O.  Leiischner  (secretary),  (J.  K.  (Jilbert,  II.  F.  Ueid,  J.  C.  Branner, 
George  Davidson,  Charles  Biirkhalter,  and  W.  W.  ram[)l)ell.  Its  work  is  organized  under 
three  committees — a  committee  on  Isoseismals,  A.  ('.  Lawson.  chairman  ;  a  committee  on 
coseismals,  A.  O.  Leuschner,  chairman,  and  a  committee  on  the  geophysics  of  the  earth- 
quake, II.  F.  Held,  chairman. 


THE   EABTHQUAKE   AS   A    NATURAL   PHENOMENON. 


fault  trace  and  diminished  with  distance  therefrom ;  but  to  this  rule 
there  are  important  exceptions,  and  it  has  been  noted  especially 
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Fiu.  1. — Map  of  the  fault  trace.     Broken  lines  indicate  alternative  hypotheses  as  to  its 

extension  nortli  of  I'oint  Arena. 

that  an  area  of  high   intensity  coincided   approximately  with  the 
Santa  Rosa  Valley,  which  trends  northwestward,  parallel  to  the  main 
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fault.  As  the  ridges  of  the  neighboring  Coast  Kange  have  the  same 
northwesterly  trend,  it  is  thought  probable  that  a  subterranean  slip- 
ping here  occurred  on  a  fault  associated  with  the  valley.  In  that 
case  the  geologic  event  causing  the  earthquake  included  coincident 
or  nearly  coincident  yielding  on  more  than  one  fault  plane  of  the 
Coast  Range  system,  and  various  other  peculiarities  in  the  distribu- 
tion of  intensity  may  be  ascribed  to  local  faulting. 

The  region  of  high  intensity,  to  which  most  of  the  destruction  was 
limited,  is  a  belt  20  to  40  miles  wide,  extending  from  the  mouth  of 
Eel  River  at  the  northwest  to  Priest  Valley  at  the  southeast  (fig.  1). 
This  belt  includes  the  surface  expression  of  the  principal  fault — a 
feature  distinctively  known  as  the  fault  trace — a  large  number  of 
cracks,  and  many  local  and  superficial  dislocations  of  soil  and  rock 
variously  characterized  as  landslides  and  slumps. 


THE  FAtlliT    TRACE. 


The  plane  of  the  earthquake-causing  fault,  where  it  appears  at  the 
surface,  is  approximately  vertitral.  The  movement  which  took  place 
along  this  plane  was  approximately  horizontal. 


y 


^-.5 


Fig.  2. — Dlajxrains  illust rutins  tho  iiuturo  of  the  eartlu|uake-making  fault. 

As  the  statement  of  those  relations  is  sometimes  found  confusing, 
they  are  here  ilhistrated  diagranunatically.  The  upper  diagram  in 
fig.  !2  represents  a  rectangular  block  as  if  cut  from  the  land,  the  thick- 
ness ])eing  25  feet,  the  length  east  and  west  (right  to  left)  150  feet, 
and  the  width  100  feet.  The  dotted  line  XS  indicates  the  surface 
outcrop  of  the  old  fault  plane,  trending  northwest  and  southeast, 
this  plane  cutting  the  face  of  the  block  in  the  vertical  line  SD.  AB 
stands  for  any  straight  line  on  the  surface  of  tlie  land — such  as  would 
b(^  defined  bv  a  road,  a  fence,  or  a  row  of  trees — ciossinff  the  fault 
outcrop  at  riglit  angles.     The  lower  diagram  represents  the  same 
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rectangular  block  after  the  earthquake,  its  t./o  parts  dislocated  I)}' 
sliding  horizontally  along  the  fault  plane,  and  the  line  AB  made  dis- 
continuous by  an  offset. 

To  return,  now,  from  the  ideal  to  the  actu^jil,  the  sides  and  bottom 
of  the  earth  block  disappear.  The  depth  to  which  tlie  faidt  pene- 
trates is  indefinite  and  imknown,  and  so  is  the  extent  of  the  lands  on 
either  side  affected  bv  the  displacement.  For  nearly  200  miles  there 
is  a  fracture  on  the  face  of  the  land,  and  everything  traversed  by  the 
fracture  is  dislocated,  the  part  on  the  southwest  side  having  appar- 
ently moved  toward  the  northwest  and  the  part  on  the  northeast  side 
having  apparently  moved  toward  the  southeast.  The  total  horizontal 
offset  ranges  in  general  from  2  to  IG  feet,  but  at  one  place,  affected  by 
abnormal  conditions,  reaches  20  feet  (PI.  I,  A),  The  effect  is  also 
shown  by  a  redwood  tree  (PI.  II),  Avhich  was  situated  at  a  place 
where  the  displacement  was  slight.  The  average  offset  is  10  to  12 
feet.  Associated  with  the  horizontal  dislocation  are  vertical  disloca- 
tions of  minor  and  variable  amount.  This  line  of- fracture,  with  the 
associated  dislocation,  is  the  surface  expression  of  the  fault  which 
occurred  on  April  18,  1906.  It  is  the  visible  trace  of  the  fault  across 
the  surface  of  the  land,  and  in  the  following  pages  will  be  called  the 
"  fault  trace."  « 

The  fault  trace  itself  is  in  some  places  inconspicuous,  as  in  the  flat 
meadow  represented  in  PI.  I,  B^  where  one  might  readily  walk  across 
it  without  noticing  that  the  ground  had  l)een  disturbed.  Its  ordinary 
phase,  however,  includes  a  disruption  of  the  ground  suggestive  of  a 
huge  furrow,  consisting  of  a  zone,  Ix^tween  rough  walls  of  earth,  in 
which  the  ground  is  splintered  and  the  fragments  are  dislocated  and 
twisted.  This  phase  is  shown  in  PI.  III.  In  many  places  the  fault 
trace  sends  branching  cracks  into  bordering  land,  and  locally  its 
effect  in  dislocation  is  divided  among  parallel  branches. 

The  views  of  the  fault  trace  given  in  PI.  VII  represent  it  at  a 
point  not  far  from  the  head  of  Tomales  Pay,  where  it  traverst^s  a 
hillside  having  a  general  sloj)e  toward  the  southwest.  In  the  upper 
view  we  look  toward  the  northwest ;  in  the  lower,  toward  the  south- 
southeast.     The  horizontal  displacement  is  here  about  IG  feet,  the 

ground  at  the  left,  in  each  view,  having  moved  from  us,  and  the 

■  « 

*  In  the  case  of  an  earthquake  fault  with  Important  vortical  (llsplaconient  the  surface 
expression  is  a  smaU  cllflf  or  scarp,  and  to  such  a  feature  the  name  *'  fault  scarp  "  has 
been  given;  but  this  name  does  n(»t  serve  to  characterize  the  feature  produced  by  the 
horizontal  displacement  of  April  18.  10(M».  in  default  of  an  appropriate  and  established 
name  the  geologists  who  first  traced  the  feature  made  tentative  use  of  "furrow"  and 
*"*  rift ;  **  and  the  word  rift  was  employed  In  the  preliminary  report  of  the  (.'alifornia  com- 
mission, in  a  popular  article  by  the  present  writer,  and  proljably  in  other  places.  The  com- 
mission, however,  in  giving  more  delll>erate  attention  to  terminolojry,  has  determined  to 
reserve  the  word  rift  for  a  meanini^  more  in  consonruKo  witli  earlier  jjeolojjic  usa^e  and 
to  substitute  "fault  trace"  for  the  surface  expression  of  the  fault.  The  present  paper 
conforms  to  the  nomenclature  accepted  by  the  commission. 
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CRACKS. 

All  through  the  area  of  high  intensity  cracks  were  made,  and  these 
were  specially  numerous  near  the  fault  trace.  The  cracks  were 
also  more  numerous  in  soft  alluvium  than  in  hard  ground,  but  the 
numlx^r  which  det^ply  penetrated  the  l)ed  rock  was  hirge.  Perhaps 
this  feature  is  better  expressed  by  saying  that  the  bed  rock  was  gen- 
erally and  profoundly  shattered,  but  without  important  dislocation 
except  on  the  old  fault  plane.  The  wide  prevalence  of  shattering  is 
shown  by  the  derangement  of  the  underground  circulation  of  w^ater. 
In  every  farming  district  within  the  main  earthquake  belt  persons 
familiar  with  the  springs  noted  changes  in  the  flow  of  water,  rang- 
ing from  moderate  diminution  or  increase  to  complete  stoppage  or 
to  the  breaking  out  of  new  springs.  In  some  places  the  derange- 
ments were  temporary  only,  but  more  commonly  a  permanent  change 
was  rei>orted. 

At  the  surface  the  cracks  had  great  variety  of  expression.  Some 
were  barely  perceptible  as  partings;  others  gaped  so  widely  that  one 
might  look  down  them  several  yards.  Some  were  mere  pullings 
apart;  others  show^ed  small  differential  movements  of  the  nature  of 
faulting.  Some  were  solitary;  others,  especially  those  exhibiting 
faulting,  were  in  groups.  Some  straggled  and  branched  irregularly; 
others  were  nearlv  straight  for  hundreds  of  feet.  Theoreticallv,  some 
cracks  were  primary  as  regards  the  earthquake  and  others  secondary; 
that  is  to  sav,  some  were  catised  directlv  bv  the  preexistent  stresses 
which  produced  the  main  fault  and  othei*s  were  caused  by  the  waves 
constituting  the  earthquake. 

1*1.  IV  shows  two  types  of  secondary  cracks.  In  .1  the  cracks  are 
crooked  and  without  faulting.  They  traverse  tidal  mud  near  the 
head  of  Bolinas  Lagoon  and  are  near  the  main  branch  of  the  fault 
trace,  which  follows  the  base  of  the  bluff  seen  at  the  right.  The 
cracks  si»en  in  B  are  in  Bolinas,  within  half  a  mile  of  the  supposed 
position  of  the  fault  trace.  The  greater  part  of  the  village  lies  in  a 
narrow  valley  dividing  a  plateau.  The  valley  floor  is  of  alluvium, 
the  surface  of  which  curves  upward  at  the  sides.  As  a  result  of  the 
earthquake  the  alluvium  settled  somewhat  toward  the  middle  of  the 
valley,  thus  forming  along  the  bases  of  the  hills  a  system  of  cracks 
associated  with  faulting. 

I>18L.OCATIO]Sr8   OF  SURFACE  ]\IArKRIAIi. 

The  district  most  strongly  affected  l)y  the  earthquake  is  one  in 
which  landslips  are  normally  of  frequent  occurrence.  On  many  hill 
slopes  were  masses  of  earth  or  rock,  the  descent  of  which  was  sure  to 
take  place  whenever  conditions  became  favorable.     The  shaking  of 
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the  earth  on  the  moriiiiig  of  April  18,  190G,  supplied  the  lacking 
factor,  and  they  were  all  loosened  at  once.  In  the  simplest  case,  a 
poised  rock  toppled  over  and  rolled  down  a  slope.  In  other  cases 
adhesion  was  overcome,  with  resultant  sliding.  In  yet  others  strains 
occasioned  by  the  sapping  of  cliffs  were  reinforced  by  kinetic  strains 
and  cohesion  was  overcome,  with  resultant  fracture.  Elsewhere  an 
unconsolidated  formation,  even  though  in  a  dry  condition,  was  made 
to  flow  by  simple  agitation.  Hillside  .bogs  and  other  bodies  of  wet 
earth  lost  coherence  and  flowed  as  mud.  Slips  of  this  character  grade 
into  those  of  wet  alluvium  or  '"  made  ground  ''  resting  upon  gentle 
slopes — ground  which  under  ordinary  conditions  flows  or  creeps  at  an 
almost  imperceptible  rate,  but  which  by  shaking  was  made  to  move 
several  feet  or  yards  in  a  few  seconds.  The  filled  districts  of  San 
Francisco  afford  several  examples,  and  two  of  these  are  illustrated  by 
Pis.  V  and  VI,  B.  The  view  shown  in  PI.  V  is  northwestward  on 
Ninth  street,  near  Brannan.  Before  the  earthquake  the  car  tracks 
and  curb  line  were  straight  and  approximately  level,  and  this  condi- 
tion' was  not  disturbed  on  the  relatively  firm  ground  show^n  in  the 
distance.  In  the  nearer  part  of  the  view  the  street  crosses  a  tract  of 
made  ground  created  by  filling  a  valley  tributary  to  a  narrow  tidal 
inlet  called  Mission  Creek.  The  descent  of  this  valley  was  south- 
westward,  and  the  made  ground  flowed  in  that  direction,  carrying 
street  and  buildings  with  it.  In  taking  the  photograph  reproduced 
in  PI.  VI,  B^  the  camera  stood  on  ground  made  by  the  filling  of  Mis- 
sion Lagoon,  an  expansion  of  Mission  (^reek,  and  was  pointed  north- 
ward, commanding  a  portion  of  Howard  street.  The  made  ground 
here  flowed  northeastward  and  the  buckling  of  street-car  tracks  was 
caused  bv  its  motion.  AAliere  the  same  earth  flow  crossed  Valencia 
street  the  horizontal  movement  amounted  to  0  feet. 

In  the  various  cases  of  dislocation  enumerated  the  motive  force 
appeared  to  be  gravity,  and  the  apparent  function  of  the  earthquake 
was  to  initiate  movement  by  overcoming  equilibrium,  adhesion,  or 
cohesion,  or  else  to  increase  mobility  by  agitation,  and  thereby  tem- 
porarily convert  a  quasi  solid  into  a  quasi  liquid.  AMiile  I  do  not 
doubt  that  this  explanation  is  ordinarily  adequate,  there  is  at  least 
one  dislocaticm  of  surface  material  for  which  it  is  inadequate,  and 
this  raises  the  question  whether  in  various  other  instances  it  may 
not  require  qualification.  I  refer  to  an  extensive  shifting  of  mud  on 
the  bottom  of  Tomales  Bav.  At  the  head  of  the  bav  and  thence  for 
a  distance  of  several  miles  northwestward  the  soft  mud  was  moved 
bodily  we^itward.  It  not  onlv  descended  from  the  northeast  shore,  so 
as  to  cause  deeper  water,  but  ascended  toward  the  southwest  shore, 
creating  a  broad  shoal  (PI.  VII).  The  horizontal  change  of  posi- 
tion near  the  southwest  shore  was  in  places  more  than  !25  feet,  and 
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the  vertical  change  as  much  as  2  feet.  As  the  ascending  movement 
can  not  be  ascribed  to  gravity,  it  must  be  referred  to  the  earthquake, 
even  though  the  way  in  which  the  earth  waves  produced  the  effect  is 
not  evident.  The  locality  is  adjacent  to  the  fault  trace,  the  position 
of  which  is  along  the  bottom  of  the  hay,  east  of  the  shoal. 

The  illustrations  may  require  a  few  words  of  explanation.  The 
upper  view  of  PI.  VII  looks  northward  from  the  southwest  shore 
of  the  bay.  Tide  being  low,  the  newly  formed  shoal  or  mud  bank  is 
broadly  exposed,  but  the  receding  tide  has  left  a  lane  of  water  to 
mark  the  separation  of  the  mud  bank  from  the  firmer  ground  that 
withstood  the  quaking.  Immediately  .after  the  earthquake  the  mud 
was  rigid,  as  in  the  tract  shown  in  PL  VIII,  A ;  but  before  the  view 
of  PI.  VII,  ^1,  was  taken  (April  28,  1000)  the  surface  had  been  largely 
smoothed  by  the  action  of  wind  waves.  A  single  ridge  which  es- 
caped that  action  appears  at  the  left  in  the  upper  view  of  PI.  VII 
and  in  the  foreground  of  the  lower  view. 

A  permanent  disturbance  of  the  ground  also  resulted  in  many 
instances  from  compacting.  Just  as  sand  or  grain  that  has  been 
poured  into  a  measure  can  be  made  by  shaking  to  settle  down  and 
occupy  less  space,  so  various  loose  formaticms,  and  especially  arti- 
ficial fillings,  were  shaken  together  by  the  earthquake  and  the  ground 
surface  lowered.  In  siich  compacting  the  particles  making  up  the 
aggregate  are  readjusted  so  as  to  fit  more  closely  together  and  the 
voids  are  reduced.  In  dry  formations  coin})acted  by  the  earthquake 
the  reduction  of  voids  was  opposed  only  by  the  elasticity  of  the 
contained  air.  In  wet  formations  it  encountered  the  effectual  resist- 
ance of  the  contained  water,  and  could  be  accomplished  only  by  the 
extravasation  of  some  of  the  water.  Ordinarily  it  was  imi)ossible  to 
measure  the  settling  due  to  compacting,  or  even  to  determine  its 
occurrence  as  a  phenomenon  indej)en(lent  of  ground  flow,  but  it  was 
clearly  seen  in  various  localities  in  San  Francisco  where  those  parts 
of  graded  streets  which  retained  their  simple  shapes  and  straight 
lines  served  as  reference  planes  for  neighboring  parts  that  were 
disturbed.  (Compare  the  distance  and  foreground  of  PI.  V. 
Another  example  of  the  effect  on  the  filled-in  land  in  this  j)art  of 
the  citv  is  shown  in  PL  VI,  .1,  a  view  of  Dore  street  between  Brvant 
and  Brannan  streets.  The  settling  of  the  soft  ground  caused  the 
street  to  drop  at  least  5  feet  at  this  })la('e.) 

The  only  notable  water  waves  generated  by  the  shock  were  in 
Tomales  Bay,  where  a  group  of  waves  estimated  to  be  0  or  8  feet  high 
came  to  the  northeast  shore.  The  automatic  tide  gage  at  the  Presidio 
showed  a  depression  of  about  4  inches,  with  subsequent  oscillations 
of  similar  amount.  Water  was  sj)illed  from  tanks,  etc.,  and  in  at 
least  one  place  was  thrown  from  a  pool  out  on  the  land. 
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MOTIONS   constituting;   the   EAllTHQUAKE. 

The  earthquake  occurred  between  10  and  15  minutes  after  5  o'clock 
a.  m.j  standard  time  of  the  one  hundred  and  twentieth  meridian.  As 
time  was  consumed  in  the  propagation  of  the  shocks,  the  moment  of 
beginning  at  any  place  depended  in  part  on  the  distance  of  the  phice 
from  the  zone  in  which  the  disturbance  originated.  As  this  zone  was 
hundreds  of  miles  in  extent  it  is  probable  that  the  time  of  beginning 
was  not  the  same  at  all  points  along  it.  For  similar  reasons  the  char- 
acter and  sequence  of  the  motions  constituting  the  earthquake  were 
not  the  same  at  any  two  localities,  and  the  differences  in  the  vicinity 
of  the  zone  of  origin  maj^  have  been  very  great.  In  and  near  San 
Francisco  the  principal  part  had  a  duration  of  about  one  minute;  it 
was  preceded  by  comparatively  faint  tremors  for  several  seconds,  and 
it  was  followed  by  minor  tremors.  During  the  stronger  part  the 
motion  was  chieflv  in  horizontal  directions  and  oscillatorv,  but  its 
rhythm  was  irregular  in  period  and  emphasis.  On  firm  gi'ound  in  the 
same  region  the  range  of  motion  is  lx?lioved  to  have  bcnni  more  than  2 
inches,  but  w^as  not  measured,  there  Ixnng  no  seismograph  capable  of 
recording  it.  On  soft  ground  the  range  of  oscillatory  motion  may 
have  l)een  several  times  greater,  and  it  was  also  gi'eater  in  the 
immediate  vicinity  of  the  fault  trace. 

The  following  paragraphs  present  my  conception  of  the  essential 
character  of  the  motions  constituting  the  earthquake  in  the  region 
of  its  destructive  intensitv.  In  the  endeavor  to  make  a  brief  and 
deal'  statement  the  conception  is  expressed  somewhat  badly,  with 
little  reference  to  the  various  uncertainties  of  fact  and  theory  by 
which  it  is  actually  qualified. 

The  earthquake  fault  has  a  length  of  300  miles,  possibly  400. 
Nothing  is  known  of  its  depth.  It  coincides  with  a  plane  of  earlier 
faulting,  on  portions  of  which  there  have  been  movements  within  a 
few  decades.  The  fact  of  recurrence  on  the  same  plane  shows  that 
the  rock  faces  in  contact  had  not  become  welded,  so  that  the  molec- 
ular force  which  there  resisted  motion  was  less  than  the  cohesion 
of  solid  rock  and  may  have  been  little  stronger  than  adhesion.  A 
tract  of  the  crust  including  the  fault  plane  had  come  to  bc»  affected 
by  a  system  of  slowly  increasing  shearing  sti'ains,  and  the  associated 
stresses  were  the  forces  directly  causing  the  fault.  A^^len  the  stress 
component  coincident  with  the  fault  plane  at  some  point  l)ecame 
greater  than  the  adhesion  (or  cohesion)  a  local  slipping  took  ])lace. 
This  caused  a  redistribution  of  strains  and  stresses,  the  local  relief 
of  strain  being  followed  by  increase  of  strain  and  stress  in  all  adjoin- 
ing tracts  of  the  fault  ])lane,  with  the  result  that  the  adliesion  was 
overcome  in  those  tracts  and  the  area  of  incii>ient  faulting  thereby 
enlarged.  Thus  from  the  initial  tract  the  lesion  was  i)ropagated 
as  a  sort  of  wave  through  all  the  fault  plane. 
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At  the  initial  tract  a  small  movement  sufficed  to  relieve  the  local 
strain,  and  the  motion  was  then  arrested  by  friction,  but  the  move- 
ment was  renewed  by  reaction  from  other  tracts,  and  it  alternately 
started  and  stopped  till  the  accumulated  stresses  had  spent  them- 
selves. There  was  a  similar  rhythmic  sequence  in  other  parts  of  the 
fault,  the  frequency  of  the  alternations  depending  on  local  conditions ; 
and  the  total  movement  of  dislocation  at  each  point  was  accomplished 
by  a  series  of  steps  and  not  by  a  single  leap. 

The  time  consumed  in  these  reactions  was  not  infinitesimal.  The 
rate  of  propagation  of  changes  in  strain  was  of  the  same  order  of 
magnitude  as  that  of  earthquake  waves  in  general,  and  the  rate  of 
propagation  of  the  initiation  of  movement  on  the  old  fault  plane 
may  have  been  somewhat  slower  because  of  the  necessity  of  accumu- 
lating a  certain  amount  of  stress  increment  to  overcome  the  adhesion. 
It  is  probable  that  the  completion  of  the  fault  required  more  than 
one  minute,  and  it  may  have  required  more  than  two  minutes.  It  is 
even  possible  that  the  displacement  had  been  completed  at  the  ini- 
tial point  before  it  began  at  the  most  remote. 

In  the  succession  of  slippings  and  stoppings  at  any  point  of  the 
fault, plane  each  separate  slip  communicated  a  jar  or  pulse  to  the 
surrounding  rock,  and  this  pulse  was  propagated  in  all  directions. 
The  earthquake  at  any  locality  in  the  neighborhood  of  the  fault 
consisted  of  such  pulses  from  different  directions.  The  general  dis- 
tribution of  intensity  indicates  that  the  pulses  weakened  in  trans- 
mission somewhat  rapidly,  whence  it  may  be  inferred  that  the  particu- 
lar pulses  constituting  the  dominant  elements  of  the  local  earthquake 
were  those  from  the  nearer  parts  of  the  fault. 

If  this  conception  of  the  earthquake  is  correct,  the  rhythm  observed 
in  the  region  of  high  intensity  was  a  phenomenon  distinct  from  the 
rhythm  of  harmonic  waves.  It  was  essentially  a  frictional  rhythm, 
dependent  on  the  relation  of  certain  rock  strains  and  rock  stresses  to 
the  resistances  afforded  by  adhesi(m  and  sliding  friction.  It  was 
irregular  not  only  because  the  intervals  of  local  starting  and  stopping 
were  unequal,  but  because  it  was  derived  from  a  considerable  area  of 
the  fault  surface,  in  which  the  local  rhythms  were  neither  harmoni- 
ous nor  svnchronous. 

The  compounding  of  unevenly  spaced  pulses  from  different  points 
of  the  fault  plane  caused  both  reinforcement  and  interference,  intro- 
ducing a  character  analogous  to  beats  in  music,  but  without  the  regu- 
larity of  musical  beats.  It  also  at  times  made  oscillatory  motions 
swifter  in  one  direction  than  the  other,  so  that  reciprocative  accelera- 
tions were  not  alwavs  svmmetricallv  arranged.  In  less  technical 
language,  the  motion  was  jerky  and  included  abrupt  phases  that  were 
almost  blows.  The  compounding  also  introduced  variety  in  the 
direction  of  motion,  especially  at  the  end,  when  for  a  short  time  the 


12  THE   SAN    FRANCISCO   EARTHQUAKE   AND   FIRE. 

pulses  from  remoter  parts  of  the  zone  of  origin  ceased  to  be  over- 
powered by  those  from  the  nearest  parts.  The  motion  in  that  closing 
phase  of  the  violent  part  of  the  earthquake  has  been  compared  by  an 
observer  to  the  motion  of  a  vessel  in  a  choppy  sea;  and  I  conceive 
that  this  comparison  is  the  expression  of  a  veritable  analogy. 

BISTRIBUTION   OF  INTENSITY. 

When  the  isoseismal  curves  for  this  earthquake  are  drawn  those 
for  the  higher  intensities  will  show  a  remarkable  elongation  in  the 
northwest-southeast  direction.  They  will  also  show  irregularties 
expressive  of  high  intensity  in  the  Santa  Rosa  Valley  and  other 
outlying  areas.  These  features  are  related  to  the  position  and  form 
of  the  zone  or  zones  of  origin.  If  drawn  in  detail  they  will  show 
also  the  great  influence  of  peculiarities  of  geologic  formations.  De- 
tailed surveying  has  been  attempted  by  the  State  commission  only  in 
San  Francisco,  partly  because  the  results  will  there  have  the  greatest 
practical  value,  and  partly  because  the  data  are  there  most  available. 
Notwithstanding  the  abundance  of  cracks,  landslides,  and  broken 
trees  in  the  region  of  high  intensity,  it  is  nevertheless  true  that 
natural  structures  in  general  are  much  less  sensitive  to  earthquake 
violence  than  artificial  structures,  and  for  that  reason  grades  of  in- 
tensity are  most  easily  mapped  in  cities. 

The  word  "  intensity  "  has  various  meanings  as  applied  to  earth- 
quakes. As  technically  defined,  it  is  the  acceleration  of  the  earth 
particle  and  is  a  quantity  to  be  measured  by  the  seismograph.  But 
the  field  of  instrumental  observation  is  so  limited  that  another  defini- 
tion practically  obtains — that  of  power  to  destroy,  a  property  which 
depends  on  the  duration  and  direction  of  the  motion  as  well  as  its 
acceleration,  and  which  may  have  other  factors. 

It  has  long  l)een  known  that  buildings  and  other  structures  on 
ground  of  certain  kinds  are  more  susceptible  to  earthquake  injury 
than  on  ground  of  other  kinds,  and  these  differences  were  strikingly 
illustrated  in  San  Francisco.  The  general  fact  appears  to  be  that 
the  amplitude  of  vibration  and  the  acceleration  are  greater  in  loose, 
unconsolidated  formations  thiui  in  solid  rock.  The  firmer  and  more 
elastic  a  rock  formation,  the  less  the  intensity  of  the  earthquake 
shocks  it  transmits  to  buildings  standing  on  it;  and  there  is  a  grada- 
tion in  this  quality  from  the  firmest  bed  rock  to  the  loosest  gravel, 
sand,  and  mud.  For  strong  shocks,  at  least,  the  intensity  is  greater 
in  loose  formations  saturated  with  water  than  in  those  tliat  are  drv. 

Closely  related  to  tlie  control  of  intensity  by  the  peculiarities  of 
formations  is  the  subject  of  surface  undulations.  ()l)serveis  of  strong 
earthquakes  sometimes  report  visible  progressive  undulations  of  the 
ground,  similar  to  water  waves,  and  such  observations  are  usually 
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made  where  the  formations  are  alhivial.  Doubtless  many  of  the 
observations  are  fallacious,  depending  on  a  subjective  illusion  as  to 
the  direction  of  verticality,  which  arises  from  the  horizontal  move- 
ments of  the  observer's  support ;  but  some  of  them  may  also  be 
objective.  Not  only  is  there  a  gradation  in  physical  condition  from 
dry  earth  through  mud  to  water,  but  the  shaking  of  a  loose  formation, 
whether  wet  or  dry,  overcomes  the  adhesion  of  particles  and  thereby 
imparts  for  the  time  being  a  mobility  analogous  to  that  of  liquids. 
It  is  therefore  conceivable^that  gravity  waves,  altogether  analogous  to 
those  of  water,  may  be  produced  by  a  violent  earthquake  on  the  sur- 
face of  a  loose  formation.  Certain  ridges  on  soft  ground  caused  by 
earthquakes  in  Japan  are  inferred  by  Omori  and  Kikuchi  to  repre- 
sent such  soil  waves  and  to  indicate  a  wave  length  (crest  to  crest)  of 
20  to  40  meters.  The  San  Francisco  earthquake  produced  a  similar 
ridging  on  tidal  mud  in  Tomales  Bay,  the  average  ridge  interval 
l)eing  not  more  than  half  that  of  the  Japanese  examples.  The 
Tomales  Bay  ridges  are  roughly  parallel  to  the  fault  trace  (which  is 
close  at  hand),  have  about  the  same  irregularity  as  wind  waves,  and 
originally  ranged  in  height  from  1  to  l\  feet.  They  were  observed 
chiefly,  but  not  exchisively,  on  the  body  of  mud  already  mentioned  as 
having  been  shifted  toward  the  southwest  shore.  The  tract  shown  in 
PI.  VII  lies  so  low  as  to  be  submerged  much  of  the  time,  and  the 
ridges  had  been  so  nearly  obliterated  when  the  views  were  taken  that 
little  remained  l>esides  an  obscure  indication  of  their  ground  plan; 
but  an  area  nearer  the  head  of  the  bay,  and  probably  lying  somewhat 
higher,  not  only  seemed  to  have  preserved  its  charac^ter  when  photo- 
graphed (April  28;  see  PI.  VIII,  ^4),  but  showed  little  change  when 
visited  nine  months  later. 

Notwithstanding  the  j)ersistence  of  the  ridges  at  the  last-mentioned 
locality,  there  is  no  reason  to  question  the  statement  that  the  whole 
mud  plain  had  the  smooth  surface  conuncm  to  tidal  flats  until  it  was 
disturbed  by  the  earthquake.  Nor  do  I  find  any  room  for  doubt 
either  that  the  ridges  originated  as  waves  on  the  surfac^e  of  the  nnid 
while  it  was  rendered  quasi  liquid  by  violent  agitation,  or  that  they 
persisted  because  the  mud  promptly  resumed  its  normal  coherence 
when  the  agitation  ceased.  It  is  by  no  means  ecjually  clear  that  the 
arrested  waves  were  true  gravity  waves  rolling  a( toss  the  mud  plain. 
Whatever  their  mechanism  and  histoiv,  thev  illustrate  a  mode  of 
response  of  wet,  unconsolidated  material  to  i)()werful  earth  tremors, 
they  suggest  an  explanation  of  (*ertain  wavelike  ridges  i^roduced  on 
areas  of  made  ground  in  San  Francisco,  and  they  contribute  to  an 
understanding  of  the  peculiar  destructiveness  of  the  eartlujuake  in 
such  areas. 
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genbratj  discussion  of  the  karthquake  conditions. 

On  the  18th  of  April,  190G,  the  whole  civilized  world  stood  aghast 
at  the  appalling  destruction  which  visited  the  city  of  San  Francisco 
and  vicinity.  Three  weeks  later,  for  the  purpose  of  studying  the 
effect  of  the  earthquake  and  fire  on  structural  materials,  the  writer 
began  the  investigation  herein  described,  lasting  six  weeks  and  cov- 
ering the  entire  affected  territory.  It  would  be  impossible,  however, 
to  describe  the  extent  of  the  damage  adequately  or  comprehensively 
in  a  report  of  this  character.  ^\^en  we  consider  the  terrific  destruc- 
tion wrought  in  the  surface  of  the  earth  by  the  first  movement  or 
"  slip,''  which  developed  structural  weaknesses,  it  is  not  surprising 
that  this  movement  and  the  resulting  vibrations  should  prove  so 
fatal  to  the  structures  of  num. 

In  the  fire  that  followed  hundreds  of  thousands  of  people  were 
rendered  homeless  and  dependent  on  public  bounty  for  shelter  and 
the  necessities  of  life.  This  phase  of  the  disaster  appealed  to  popular 
sympathy  and  drew  spontaneously  from  all  parts  of  the  country 
contributions  of  food,  clothing,  household  furnishings,  and  money  for 
the  relief  of  the  destitute. 

To  the  user  of  the  materials  of  building  construction  the  study  of 
the  behavior  and  relative  efHciencv  of  the  various  classes  of  such 
materials  under  the  unusual  and  rigorous  conditions  ini[)osed  by  the 
earthquake  and  fire  is  most  interesting  and  instructive.  The  test  was 
(me  of  such  violence  that  only  structures  of  first-class  design  and 
materials  and  honest  workmanship  could  survive.  Flimsv  and  looselv 
built  structures  collapsed  like  houses  of  cards  under  the  terrific 
wrenching  and  shaking,  and  many  of  the  structures  which  withstood 
the  (earthquake  were  subjected  to  a  second  test  in  a  fire  which  surpassed 
all  the  great  conflagrations  of  recent  years.  Some  of  these  structures 
14 
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which  successfully  withstood  the  first  test  fiiiled  signally  under  the 
second,  by  reason  of  inadequate  fire])roofing.  A  very  few  withstood 
both  tests  successfully. 

It  is  a  generally  accepted  fact  that  no  structure  could  have  with- 
stood the  stresses  produced  by  the  movement  of  the  earth  at  the 
"  fault  trace,"  along  which  the  maximum  intensity  of  disturbance 
was  localized.  The  stresses  produced  by  the  vibrations  at  other  points, 
however,  could  have  been  resisted  with  safety  if  proper  design,  first- 
class  materials,  and  honest  workmanship — constituting  the  whole 
secret  of  earthquake-resisting  j)ower — had  been  employed  in  the  struc- 
tures so  located.  In  tall  structures  rigidity  of  construction,  attained 
by  adequate  diagonal  and  portal  bracing,  is  absolutely  essential.  In 
such  buildings,  owing  to  the  inertia  of  the  mass  of  the  upper  portion, 
the  maximum  bending  moment  exerted  by  the  earthquake  was  ap- 
plied at  some  point  between  the  foundation  and  the  top — generally 
just  below  the  middle.  While  reen  forced -concrete  structures  were 
few^  in  the  zone  of  seismic  disturbances,  these  few  stood  the  test  by 
earthquake  and  fire  in  a  highly  satisfactory  manner.  Rigidity  and 
stiffness  and  a  high  fire  resistance  are  inherent  qualities  of  concrete, 
and  this  material  proved  admirably  suited  to  resist  these  extraordi- 
nary tests. 

The  destruction  was  greatest  in  structures  built  on  filled  ground, 
or  on  alluvial  soils  in  the  valleys  of  rivers,  with  foundations  which 
did  not  go  through  to  solid  ground,  the  settling  of  the  earth  caused 
by  the  vibrations  resulting  in  permanent  displacement  or  distortion 
of  such  structures.  At  numy  })laces  where  great  destruction  took 
place,  as  at  Palo  Alto,  San  Jose,  Salinas,  Santa  Rosa,  etc.,  the  struc- 
tures were  built  on  soft  ground.  In  structures  built  on  solid  ground 
or  rock  formation  the  action  was  much  less  severe  and  was  confined 
to  shaking,  producing  a  maximum  oscillation  in  the  upper  portions 
of  the  structure. 

In  order  to  understand  properly  the  conditions  under  which  such 
destruction  as  that  caused  by  the  earthquake  could  occur,  one  should 
study  the  geologic  conditions  prevalent  just  j)rior  to  the  earthquake. 

The  history  of  the  Pacific  coast  is  re[)lete  with  records  of  seismic 
disturbances,  the  entire  region  l)eing  in  a  condition  of  unstable 
equilibrium  and  cut  by  long  rifts  in  the  surface,  called  '"  faults," 
which  have  produced  a  series  of  long,  nai'row  valleys.  The  forces 
which  i^roduce  elevations  and  subsidence  of  the  surface  also  produce 
stresses,  which  finally  overcome  the  adhesion  of  the  opposing  rift 
w^alls,  and  earthquakes  take  place  in  the  sli[)i)ing  of  these  walls, 
through  a  few  inches  or  a  few  feet,  in  the  cH'ort  to  adjust  th(»  stresses. 
These  earthquakes  are  of  two  classes — volcanic  and  tectonic.  The 
former  occur  in  regions  of  volcanic  activity,  are  shallow  in  extent, 
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and  affect  comparatively  small  areas;  the  latter  not  only  extend  to 
a  much  greater  depth,  but  also  affect  much  greater  areas.  The 
region  north  and  south  of  San  Francisco  is  regarded  as  particularly 
susceptible  to  earthquakes  of  the  latter  type. 

A.  C.  Lawson  has  traced  several  of  the  "  faults  "  referred  to,  and 
about  ten  years  prior  to  the  San  Francisco  earthquake  he  indicated 
the  location  of  the  present  fault  trace  south  of  the  Golden  Gate. 
His  relief  map  of  California  serves  to  show  the  lines  of  known  faults 
by  the  parallelism  of  the  ridges  and  valleys.  In  following  these 
valleys  one  finds  evidence  of  faulting  on  every  hand — the  scars  and 
markings  on  the  earth  and  rocks,  and  the  presence  of  little  lakes  or 
ponds  without  visible  source  of  supply  other  than  the  watershed  of 
the  adjacent  ridges.  According  to  Lawson,  the  coast  of  California 
is  rising,  and  the  seismic  disturbances  whose  record  is  found  in  the 
rocks  have  been  produced  by  movements  in  the  process  of  upheaval 
and  subsidence,  of  folding  and  faulting,  which  are,  perhaps,  greater 
along  the  coast  of  California  than  in  any  other  part  of  the  world. 
Whatever  may  be  the  causes  of  these  movements,  it  is  apparent  that 
the  resultant  stresses  relieve  themselves  by  producing  these  faults 
or  rifts  in  the  earth's  surface. 

The  average  Californian  l)ecomes  accustomed  to  the  earthquakes 
whicl)  produce  "  temblors  "  of  sufficient  intensity  to  rattle  windows. 
Prior  to  the  great  earthquake  of  April  18,  190C,  these  temblors 
were  of  frequent  occurrence,  but  occasioned  no  alarm  and,  indeed, 
scarcely  excited  a  passing  interest.  Over  two  hundred  earthquakes 
w^ere  recorded  during  the  period  from  1850  to  188(>,  l>eing  more 
prevalent  in  the  vicinity  of  San  Francisco  Bay  than  elsewhere.  The 
writer  is  informed  that  during  the  period  just  prior  to  April  18 
few  if  any  noticeable  temblors  occurred.  It  is  fair  to  assume,  there- 
fore, that  the  great  earthquake  resulted  from  an  accumulation  of 
stresses  which  would  ordinarilv  have  been  relieved  bv  smaller  move- 
ments. 

The  relative  intensities  of  earthquakes  are  indicated,  on  the  Rossi- 
Forel  scale,  bv  Xos.  I  to  X.  All  under  V  produce  no  visible  destruc- 
tion, and  from  A^  the  destruction  increases  up  to  X,  which  represents 
those  in  which  complete  destruction  takes  place.  The  writer  under- 
stands that  the  earthquake  of  April  18  is  rated  at  IX  on  this  scale. 

This  earthquake,  the  most  severe  in  the  history  of  the  State,  took 
place  at  5  hours  18  minutes  and  38  seconds  a.  m..  Pacific  time,  the 
main  shock  lasting  one  minute  and  five  seconds.  Between  this  time 
Mud  7  a.  m.  about  thirtv  minor  shocks  were  recorded.     A  zone  of 

ft 

destruction  50  miles  wide  was  produced,  extending  for  a  distance  of 
150  to  200  miles  north  and  south  of  San  Francisco  (see  the  map,  fig.  1, 
p.  3),  beginning  at  Point  Arena,  paralleling  the  coast  to  Fort  Koss, 
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passing  under  the  ocean  bed  just  west  of  the  Golden  Gate,  reappear- 
ing on  the  land  at  Mussel  Rock,  and  following  the  Pilarcitos  and  San 
Andreas  pipe  lines  of  the  Spring  Valley  Water  Company  in  a  direct 
line  to  HoUister.  The  zone  included  San  Francisco  Bay,  Russian 
River,  and  the  Sonora,  Santa  Clara,  and  Salinas  valleys.  The  first 
movement  was  along  this  zone  in  a  southeasterly  direction,  and  the 
vibrations  set  up  on  all  sides  produced  a  continuous  twisting,  rocking, 
wrenching  movement  that  brought  down  chimneys,  w  alls,  towers,  etc. 
In  the  opinion  of  the  California  earthquake  investigation  commission 
the.  slip  commenced  at  the  northwest  end  of  the  zone,  and  the  force 
which  occasioned  the  rupturing  or  shearing  movement  was  a  progress- 
ively decreasing  one  to  the  southeast  end.  As  in  the  earthquake  of 
1868,  the  destruction  was  greatest  in  proportion  to  the  nearness  to 
the  fault  trace,  and  in  parts  built  on  soft  or  alluvial  soil,  or  on  "  made 
ground."  The  earthquake  as  recorded  by  the  seismographs  showed  a 
horizontal  movement  of  about  3  inches  and  a  vertical  movement  of 
about  1  inch,  the  velocity  of  propagation  being  about  !2.1  miles  per 
second.  The  wave  movement  was  long  and  slow  in  hard  soil  and 
rock  and  comparatively  short  and  incoherent  in  soft  ground. 

EFFECTS   ON  STRUCTURES   OUl'SIBE    OF  SAN   FRANCISCO, 

In  considering  in  detail  the  damage  wrought  by  the  earthquake 
one  must  look  for  evidence  in  the  country  surrounding  San  Francisco, 
since  the  fire  in  that  city  obliterated  most  of  the  signs  of  the  damage. 

The  greatest  loss  in  the  city  of  San  Francisco  was  principally  the 
result  of  the  fire,  which  was  rendered  uncontrollable  owing  to  the 
wrecking  of  the  water-supply  system  by  the  earthquake.  (See  the 
maps  of  the  city  and  vicinity.  Pis.  LVI  and  LVII.)  An  examination 
of  the  damage  to  the  system  at  once  suggests  itself,  especially  as  some 
of  the  main  conduits  are  located  on  or  near  the  fault  line. 

The  city  is  supplied  principally  by  gravity  from  three  main  dis- 
tributing reservoirs,  viz.  University  Mound,  College  Hill,  and  I^ake 
Honda ;  there  are  also  two  supplementary  sources — Alameda  Creek, 
on  the  east  side  of  the  bav,  and  Lake  Merced.  The  Universitv  Mound 
reservoir,  having  a  capacity  of  83,000,000  gallons,  is  supplied  from 
Crystal  Springs  Lake  through  17  miles  of  44-inch  wrought-iron  pipe, 
carried  for  a  considerable  distance  on  trestles  over  the  marshes.  The 
College  Hill  reservoir  has  a  capacity  of  15,000,000  gallons  and  is  sup- 
plied from  San  Andreas  Lake  through  14  miles  of  44-inch,  37-inch, 
and  30-inch  wrought-iron  pipe.  The  Lake  Honda  leservoir,  with  a 
capacity  of  31,000,000  gallons,  is  fed  from  Pilarcitos  Lake  through 
16  miles  of  conduit,  1^  miles  of  which  is  wooden  flume  and  the  re- 
mainder cast-iron  and  wrought-iron  pipe  and  brick  tunnel.  Of  the 
two  supplementary  supplies,  the  water  from  Alameda  Creek  is  car- 
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ried  27  miles,  crossing  San  Francisco  Bay  tliroiigh  submarine  pipes, 
and  thence  passing  through  tlie  Crystal  Springs  conduit  to  the  city ; 
that  from  Lake  Merced  is  pumped  into  the  Pilarcitos  conduit  and 
thence  to  the  city. 

In  company  with  Herman  Schussler,  chief  engineer'  of  the  Spring 
Valley  Water  Comi^any,  the  writer  made  a  detailed  examination  of  the 
principal  conduits  and  reservoirs.  On  the  San  Bruno  nuirsh  the  -1:4- 
inch  line  to  the  University  Mound  reservoir  had  been  thrown  olf  the 
trestle  for  a  distance  of  1,300  feet;  and,  while  the  pipe  was  readily 
repaired,  the  trestle  had  to  be  rebuilt,  as  many  of  the  timbers  had 
rotted.  Near  Baden  the  line  had  been  telescoped  42  inches,  shearing 
off  an  8-inch  gate  valve.  The  reservoir  itself  was  undamaged,  yet  its 
three  days'  supply  was  rendered  useless  by  the  breaks  in  the  cast-iron 
distributing  mains. 

The  only  damage  done  to  the  conduit  between  San  Andreas  Lake 
and  the  College  Hill  reservoir  was  at  Baden,  where  the  slip  joint  had 
been  broken,  tearing  out  the  four  cast-iron  lugs — an  eifect  indicating 
a  force  of  at  least  2,000,000  pounds. 

The  principal  breaks  in  the  l^ilarcitos  conduit,  which  was  so  badly 
damaged  that  the  company  decided  to  abandon  it,  were  examined. 
This  conduit  had  been  located  for  convenience  in  one  of  the  long,  nar- 
row valleys,  and  therefore  on  the  line  of  an  old  fault.  It  is  evident 
that  it  would  be  futile  to  attempt  to  build  this  conduit  strong  enough 
to  withstand  a  slip  on  the  fault  line.  The  breaks  in  this  *]0-inch 
wrought-iron  pipe  ranged  from  f]0  inches  to  <)  feet  in  length.  At 
other  points  it  was  telesc(>i)e<l  and  twisted  beyond  repair.  (See  PI. 
IX.)  The  Pilarcitos  conduit  crosses  Frawlevs  (Julch  on  a  trestle. 
The  movement  of  the  earth  j)r()(luced  a  compression  in  the  l)ipe  line 
at  this  point,  which  threw  it  oft*  and  wrecked  the  trestle,  and  the  water 
in  the  conduit  leading  to  the  trestle  line  was  released  so  rapidly  that 
it  formed  a  vacuum,  which  caused  this  conduit  to  collapse,  as  shown 
in  PI.  X,  .1.  The  conduit  crosses  and  recrosses  the  fault  for  a  dis- 
tance of  0  miles  south  of  Frawlevs  (iulch.  The  i^O-inch  wrought- 
iron  pipe  line  was  torn  and  twisted  at  each  crossing,  while  the  earth 
dam  of  Pilarcitos  Lake  was  uninjured. 

The  San  Andreas  earth  dam  lies  across  tlie  fault,  the  crossing  being 
about  100  feet  from  its  east  end,  and  the  dam  shows  a  disturbance  for 
a  distance  of  more  than  100  feet.  One  of  the  worst  cracks  runs  diag- 
onally across  a  culvert  4  feet  0  inches  in  diameter,  which  appears  to 
be  uninjured.  Although  San  Andreas  Lake  had  considerable  water 
in  it,  no  appreciable  loss  of  head  was  observed.  There  is  a  roadway 
over  the  dam,  along  which  runs  a  fence.  Both  wei'e  oft'set  at  the 
fault  line  about  3i  feet.  A  wooden  flunii*  used  for  diverting  storage 
water  to  the  reservoir  lines  crosses  the  fault,  and  was  wrecked  at  that 
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point  for  50  feet.  A  brick  conduit  used  for  waste  purposes  extends 
across  the  fault.  All  the  four  rings,  of  hard-burned  brick,  are  laid 
in  first-class  Portland-cement  mortar,  making  a  first-class  piece  of 
work  in  every  w-ay.  This  conduit,  which  is  9  feet  6  inches  in  diam- 
eter, w^as  crushed  together  at  the  crossing. 

The  Searsville  dam,  a  structure  similar  to  the  San  Andreas  earth 
dam,  1  mile  east  of  the  fault  line  and  parallel  to  it,  was  also  found 
to  be  uninjured. 

Very  little  damage  was  done  to  the  pumping  stations,  and  the  steel 
standpipes  of  this  comiDany  were  not  injured.  The  Lake  Honda 
reservoir  was  slightly  damaged  by  a  crack  in  its  concrete  lining.  No 
damage  was  done  to  the  Alameda  Creek  supply,  except  to  the  con- 
nection at  the  Belmont  pumping  station. 

The  concrete  dam  near  San  Mateo,  at  the  lower  end  of  Crystal 
Springs  Lake,  parallel  to  the  fault  line  and  a  few  hundred  feet  east 
of  it,  was  undamaged.  This  dam,  a  view^  of  which  is  given  in  PL 
XI,  5,  is  built  of  large  blocks  of  concrete,  thoroughly  keyed  together 
and  molded  in  place,  each  block  containing  between  200  and  300  cubic 
feet.  The  dam  is  C80  feet  long,  with  a  present  height  of  140  feet. 
"WTien  completed  it  will  be  170  feet  high,  17G  feet  thick  at  the  base, 
and  25  feet  thick  at  the  top.  It  is  arched  upstream  to  a  radius  of 
637  feet. 

The  clay-core  earth  dam  of  the  upper  Crystal  Springs  Lake  lies 
across  the  fault  line  at  nearly  right  angles.  This  dam  is  now^  main- 
tained as  a  county  causeway,  equalizing  pipes  having  been  placed 
through  it.  At  the  time  of  the  earthquake  the  water  was  at  the  same 
height  on  each  side,  and  the  absence  of  any  ''  head  "  made  it  impos- 
sible to  tell  the  extent  of  the  damage.  The  dam  moved  about  (>  feet, 
however,  this  fact  being  shown  clearly  by  an  oifset  of  that  amount  in 
the  fence  which  runs  across  it.  The  roadway  over  the  dam  also 
shows  the  same  offset,  although  not  so  clearly. 

The  water  supply  of  San  Francisco,  as  compared  w^ith  that  of  other 
cities,  was  fairly  good  and  had  a  rated  capacity  of  30,000,000  gallons 
per  day.  The  failure  to  control  the  fire  by  reason  of  the  crippling 
of  the  water  supply  was  not  due  to  the  failure  of  the  system  outside 
of  the  city,  but  to  the  breaks  in  the  distributing  mains  within  the 
city,  which  rendered  unavailable  about  80,000,000  gallons  of  water 
stored  within  the  city  limits.  These  breaks  occurred  (sec  the  map, 
PL  LVI)  wherever  the  pipes  passed  through  soft  or  made  ground. 
No  breaks  occurred  w^here  the  cast-iron  pipe  was  laid  in  solid  ground 
or  rock.  It  is  evident  that  in  earthquake  countries  water-supply 
pipes,  at  least,  should  l)e  so  laid  as  to  avoid  the  action  of  slips,  set- 
tling, and  ground  movements  of  all  kinds.  The  pipe  lines  shoidd 
also  be  arranged  with  gates  and  by-passes,  making  it  possible  to  cut 
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out  any  portion  of  the  system  which  may  become  crippled.  There 
should  also  be  some  means  of  preventing  the  loss  of  water  which  is 
occasioned  by  breaks  in  the  house  service  pipes. 

WTiile  one  of  the  main  conduits  was  badly  damaged  wherever  it 
crossed  the  fault,  this  damage  was  no  greater  than  that  done  to  any 
other  structure  that  was  situated  at  the  fault  line.  Structures  so 
located  were  torn  apart,  the  gap  in  the  case  of  a  fence  (PI.  I^  B)  or 
road  (PI.  I,  A)  being  from  G  to  20  feet,  according  to  local  conditions. 
In  the  country  around  Fort  Ross  there  were  many  trees  located  on 
the  fault  that  showed  the  effect  of  the  slip.  Great  redwood  and 
pine  trees  were  either  twisted  out  of  normal  position  or  split  (PI.  II) 
from  the  roots  up  for  distances  of  35  feet  or  more,  even  when  per- 
fectly sound.  This  splitting  action  was  due  to  the  earth  on  the  west 
of  the  line  of  faulting  moving  the  roots  on  that  side,  a  motion  w^hich 
tended  to  pull  the  tree  apart.  ^\liere  the  tree  had  some  defect  or 
was  unsound  (as  from  dry  rot)  the  action  was  even  more  marked 
and  the  destruction  much  greater.  Redwood  trees  grow  to  great 
heights  and  are  perfectly  straight,  and  to  find  one  out  of  plumb  is 
very  unusual. 

Another  interesting  example  of  the  effect  of  the  slip  along  the 
line  of  the  fault  is  afforded  by  the  Southern  Pacific  Railroad  bridge 
over  Pajaro  River  near  Chittenden  station.  This  bridge  crosses  the 
fault  obliquely  at  a  very  acute  angle — about  10°.  It  consists  of  two 
girder  shore  spans  of  50  feet  each  and  three  Pratt  truss  river  spans 
of  about  100  feet  each.  The  piers  and  abutments  are  built  of  con- 
crete, with  granite  coping  and  bridge  seats  (PL  XI,  ^1).  The  bridge 
was  badly  racked  by  the  movement  of  the  earth,  which  dragged 
the  piers  and  abutments.  The  movement  of  the  south  abutment 
was  about  24  inches,  a  distance  sufficient  to  leave  the  girder  with- 
out support.  The  ground  also  moved  a  greater  distance  than  the 
abutment — perhaps  8  or  10  inches  farther.  The  movement  of  the 
earth  tending  to  pull  the  piers  from  under  the  trusses  was  resisted 
by  the  anchor  bolts,  resulting  in  a  cracking  of  the  piers,  appar- 
entlv  on  the  lines  markino;  the  different  dailv  batches  of  concrete 
used  in  constructing  them.  The  granite  caps  were  moved  out  of 
position  and  many  of  them  cracked,  and  the  anchor  bolts  were  twisted 
and  bent.  The  bridge  was  put  into  service  by  the  construction  of  a 
timber  support. 

In  the  vicinity  of  Los  Gatos,  where  the  line  of  faulting  passes 
through  the  Santa  Cruz  Mountains,  it  crosses  the  first  tunnel  of  the 
narrow-gage  railroad  to  Santa  Cruz  near  Wrights.  In  this  tunnel 
a  portion  of  the  loose  roof,  of  shale  on  a  layer  of  serpentine  or  soap- 
stone,  caved  in,  conii)letely  closuig  the  tunnel.  A  house  on  this  fault 
line  near  Wrights  was  split  in  twain,  the  movement  of  the  earth 
throwing  the  west  side  of  the  house  from  its  foundation  (PL  X,  B). 
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The  Saratoga  reservoir  of  the  San  Jose  Water  Company  lies  in  a 
saddle  of  the  Santa  Cruz  Mountains  between  Saratoga  and  Los  (jatos, 
and  the  fault  line  crosses  it  at  right  angles,  the  cracks  extending 
through  the  body  of  the  dam.  The  reservoir  was  full  at  the  time, 
but  there  was  no  apparent  loss  of  head. 

As  already  stated,  in  the  country  bordering  the  line  of  faulting  the 
damage  done  was  greater  in  soft  or  alluvial  soil  or  made  ground. 
Most  wooden  water  tanks  on  low  supports  were  wrecked,  not  only  in 
the  vicinity  of  the  fault  line  but  throughout  the  affected  zone,  the 
failure  being  due  to  a  lack  of  lateral  bracing  of  the  trestle  support. 
Chiirineys  generally  collapsed,  the  cause  being  the  unequal  movement 
of  the  inelastic  brickwork  and  the  usuallv  elastic  frame  structure 
surrounding  it.  Wooden  buildings  on  good  foundations  stood  well,  the 
chief  damage  being  to  the  chimneys  and  plastering.  The  alluvial 
or  soft  soil  forming  the  banks  of  rivers  generally  moved  toward  the 
river  under  the  earthquake  vibrations,  the  settling  of  the  ground 
being  most  marked  (PI.  VIII,  B).  The  country  in  the  vicinity  of 
Salinas  River  presented  interesting  features  of  this  character.  The 
county  road  crosses  the  river  near  Salinas  on  a  wooden  bridge,  and 
the  slipping  of  the  banks  carried  the  south  abutment  G  feet  toward 
the  river.  The  ground  was  badly  cracked  and  there  were  a  number  of 
slips  in  the  neighborhood.  The  road  leading  to  Spreckels's  sugar 
mill,  4  miles  south  of  Salinas,  was  also  greatly  damaged  by  the  slips. 
Spreckels's  sugar  mill  (PL  XII,  ^1)  is  located  on  soft  alluvium.  The 
main  building,  which  is  500  feet  long,  is  said  to  be  the  largest  sugar 
mill  in  the  world.  The  vibrations  of  the  earth  jarred  the  brickwork 
loose  at  the  end  of  the  building,  which  buckled  in  the  middle,  where 
there  were  no  floors  above  the  second  floor.  The  damage  to  other 
buildings  was  also  extensive.  The  town  of  Salinas  itself  was  severely 
shaken.  The  high-school  building  and  some  of  the  buildings  on  the 
main  street  were  damaged,  chimneys  were  thrown  down,  and  a  water 
tank  of  the  Southern  Pacific  Railroad,  supported  on  a  steel  trestle 
near  the  station,  collapsed. 

Along  the  Bay  of  Monterey  the  whole  shore  slipped  about  12  feet 
into  the  bay,  the  movement  buckling  the  rails  on  a  jailroad  trestle 
and  the  cars  dropping  about  5  feet.  A  frame  house  and  surroundings 
moved  12  feet,  still  maintaining  their  relative  positions.  In  Mon- 
terey the  principal  damage  was  in  the  loss  of  chimneys  and  cracking 
of  plaster. 

At  San  Jose,  located  on  the  soft  alluvium  of  the  Santa  Clara 
Valley,  the  destruction  was  extensive.  The  i)ost-ofRce,  a  very  sub- 
stantial building,  lost  its  tower,  which  w^as  laid  up  in  lime  mortar. 
and  was  deficient  in  lateral  bracing.  The  walls  w^ere  of  brick  with 
a  4-inch  or  6-inch  stone  veneer,  and  there  was  a  wooden-f  ramod  slate- 
covered  apex.    The  collapse  of  the  tower  damaged  the  pavement,  and 
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to  some  extent  the  building  itself.  The  damage  to  the  hall  of 
records,  along  the  end  walls,  was  due  entirely  to  defective  construc- 
tion. The  Hall  of  Justice  (PI.  XII,  B)^  which  was  completed  in 
1905,  had  the  wall  along  the  cornice  line  thrown  down.  The  reen- 
foTced-concrete  roof  contributed  no  little  to  the  support  of  the  walls 
of  the  building,  and  had  the  stonework  been  less  heavy  and  of  better 
quality  the  damage  probably  would  not  have  been  so  extensive.  The 
high  school  (PI.  XIII,  5),  a  flimsy  structure  of  brick  with  wooden 
frame,  was  so  badly  wrecked  that  it  had  to  be  torn  down  as  a  matter  of 
safety.  The  destruction  of  the  buildings  along  First  street,  the 
principal  business  thoroughfare,  was  also  extensive.  Lime  mortar, 
flimsy  framing,  poor  design,  and  lack  of  tie  between  floor  and  roof 
members  and  walls  were  the  causes  of  these  failures. 

Perhaps  the  worst  example  of  poor  design,  bad  workmanship, 
and  poor  materials  in  the  earthquake  territory,  except  in  the  city 
of  San  Francisco,  is  the  insane  asylum  at  Agnew,  about  6  miles 
.  northwest  of  San  Jose,  consisting  of  a  main  building  surrounded  by 
a  number  of  others — all  flimsily  constructed  brick  structures  with 
timber  frames.  The  construction  of  these  buildings,  with  their 
thin  walls  (in  many  places  devoid  of  mortar)  and  light,  insufficient 
wooden  framing,  indicates  a  criminal  negligence  that  is  appalling. 
One  hundred  and  seventeen  patients  and  attendants  lost  their  lives, 
principally  from  the  fall  of  the  central  tower  of  the  main  building. 
The  brick  stack  of  the  power  plant  and  the  towers  of  surrounding 
buildings  collapsed.  In  the  farmyard  near  by  is  a  water  tank 
supported  on  a  wooden  trestle.  This  tank  moved  about  10  inches, 
while  less  than  a  stone's  throw  away  are  four  water  tanks  supported 
by  a  diagonally  braced  steel  trestle,  which  were  undamaged  (PI. 
XIII,  A). 

The  most  interesting  ruins  are  those  of  the  Leland  Stanford  Junior 
University,  at  Palo  Alto,  G  miles  east  of  the  fault  line.  These  build- 
ings were  on  a  soft  soil  and  were  therefore  subjected  to  the  severest 
earthquake  conditions;  and  as  they  represent  several  different  types 
of  construction  they  afford  a  profitable  study  in  the  earthquake- 
resisting  power  of  various  structures  and  structural  materials.  The 
destruction  was  very  great,  most  of  the  buildings  being  wholly  or 
partially  destroyed. 

Three  types  of  wall  construction  were  represented — (1)  solid 
stone,  (2)  brick  and  stone  veneer,  and  (8)  reenforced  concrete.  The 
buildings  of  the  first-mentioned  type,  which  were  erected  by  Senator 
Stanford  by  day  labor,  were  examples  of  good  substantial  work,  and 
the  damage  to  them  was  not  so  great.  The  stone-veneer  buildings 
represent  a  later  type,  resorted  to  as  a  matter  of  cheapness,  and  suf- 
fered the  most.  The  third  type,  of  reenforced  concrete,  sustained 
practically  no  damage.     The  stone-veneer  buildings  have  a  4-inch  or 
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6-inch  face  of  stone,  poorly  bedded,  containing  a  large  percentage  of 
spalls,  the  lime  mortar  being  of  good  quality.  The  construction  is 
fairly  common  in  other  parts  of  the  country.  The  roof  trusses  were 
not  anchored  to  the  walls,  but  to  a  great  extent  were  butted  against 
the  walls;  the  floor  joists  rested  in  the  walls  and  were  not  tied. 
Under  the  vibrations  the  walls  were  pushed  out  of  plumb  and,  having 
no  proper  connection  with  the  floor  and  roof  members,  collapsed. 

The  gynmasium  and  library  presented  interesting  features.  The 
dome  of  the  library  was  supported  by  a  skeleton  of  steel,  and  although 
the  surrounding  walls  collapsed,  this  dome  was  not  damaged  (PI.  XV, 
A).  The  gymnasium  dome  rested  on  intermediate  brick  walls,  which 
collapsed  with  the  dome  (PL  XV,  B). 

The  boys'  dormitory  (Encina  Hall)  was  built  of  stone,  and  was  one 
of  the  buildings  erected  by  Senator  Stanford.  The  chimneys  of  this 
structure  collapsed  and  crashed  through  the  roof  and  floors,  killing  one 
student  and  injuring  several  others.  The  walls  themselves  were  but 
slightly  cracked.  The  girls'  dormitory  (Roble  Hall)  had  walls  of 
reenforced  concrete  with  wooden  floors.  The  chimnevs  on  this  struc- 
ture  also  collapsed,  but  no  other  damage  was  done,  the  walls  being  left 
intact,  without  any  cracks. 

The  memorial  arch  (PI.  XVI)  was  a  poorly  designed  structure, 
100  feet"  high,  with  stone- veneered  walls.  The  structure  above  the 
arch  ring  was  hollow,  and  an  attempt  had  been  made  to  stiffen  it  by 
the  use  of  a  number  of  I  beams.  These  beams  were  not  tied  to  the 
stonework,  but  simply  rested  upon  it,  and  under  the  action  of  the 
earthquake  they  became  battering  rams  and  helped  to  accomplish  the 
destruction  of  the  arch.  The  arch  as  first  designed  was  75  feet  high, 
and  it  will  be  noted  that  the  earthquake  reduced  it  to  the  height  orig- 
inally intended  (PL  XVI,  B). 

The  memorial  chapel,  one  of  the  most  beautiful  buildings  in  this 
country,  was  almost  completely  wrecked  (PL  XVII,  B)  by  the  col- 
lapse of  the  tower.  A  platform  of  steel  beams  had  been  placed  under 
the  clock  as  a  precaution  against  the  chance  falling  of  the  pendulum, 
and  this  platform  saved  the  clock.  The  damage  done  to  the  mosaic 
work  and  the  interior  decoration  is  probably  irreparable. 

The  chemical  laboratory  was  damaged  by  falling  chimneys,  and 
gable  walls  were  pushed  out  and  suffered  considerable  damage  by  the 
collapse  of  the  assay  stack.  The  plastering  was  also  badly  cracked. 
Great  damage  was  also  wrought  in  the  power  plant  of  the  mechanical 
engineering  department  by  the  falling  of  the  stack. 

The  quadrangle,  or  main  academic  portion  of  the  university,  was 
built  by  day  labor  and  was  a  fair  piece  of  work.  The  cloister  (PL 
XVIII,  B)  suffered  considerably,  the  bases  and  caps  of  the  columns 
being  spalled  and  chipped,  indicating  that  they  must  have  been  sub- 
jected to  a  rocking  motion.    The  arches  apparently  opened  up,  for  in 
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a  number  of  them  the  arch  stones  had  dropped  partly  out  of  place. 
The  department  of  geology  (PI.  XVIII,  A),  the  newly  completed  end 
of  the  quadrangle,  suffered  the  greatest  damage;  many  of  the  walls 
will  have  to  be  rebuilt,  having  been  either  cracked  very  badly  or 
destroyed  entirely.  The  plastering  was  badly  cracked  and  showed 
the  outline  of  each  sheet  of  metal  lath.  Where  reenforced  concrete 
was  used  the  ceilings  were  free  from  cracks. 

The  most  interesting  building  is  the  museum  (PI.  XIV,  A)^  which 
consists  of  a  central  pavilion  of  reenforced  concrete  and  wings  of 
brick  plastered  with  cement  mortar.  The  cohnnns  of  the  central 
pavilion  are  solid  concrete,  having  been  cast  in  place.  This  building 
had  wooden  floors.  The  wings  were  wrecked  by  the  earthquake,  but 
the  central  pavilion  escaped  injury,  although  its  contents  were  more 
or  less  damaged,  principally  by  being  shaken  from  their  positions. 

Although  the  destruction  at  Stanford  University  was  very  great, 
the  character  of  construction  was  fair  and  did  not  suffer  by  com- 
parison with  that  used  in  other  parts«of  the  country.  The  excellent 
qualities  of  reenforced  concrete  and  its  ability  to  withstand  earth- 
quake shock  were  strongly  demonstrated. 

The  town  of  Palo  Alto  suffered  considerably  from  the  earthquake. 
Chimneys  were  generally  thrown  down.  A  number  of  buildings 
were  wholly  or  partly  wrecked,  the  causes  of  the  failures  being 
similar  to  those  in  other  sections,  consisting  largely  of  defects  in  de- 
sign, lack  of  adequate  bracing,  poor  mortar,  and  bad  workmanship. 
Tliree  concrete-block  buildings  were  either  wholly  or  partly  destroyed 
and  have  especial  interest,  since  they  have  been  cited  as  evidence  of 
the  faihire  of  coucrete  blocks.  Two  of  these  buildings  are  located  on 
Alma  street  opposite  the  station  and  on  opposite  sides  of  University 
avenue — the  Thiele  Building  (PI.  XVII,  .1),  a  partially  completed 
three-story  structure,  which  was  entirely  wrecked,  and  the  Fuller 
Building,  a  two-story  structure,  which  also  collapsed.  The  concrete- 
block  walls,  V]  inches  thick,  laid  in  cement  mortar,  were  not  braced 
in  any  way — the  joists,  U  by  1*^,  simply  resting  upon  the  wall.  When 
the  building  vibrated,  the  wall  was  pushed  out  and  collapsed  because 
there  was  nothing  to  restore  it  to  its  normal  position.  This  defect 
was  more  clearly  shown  in  the  one-story  building  of  Vandervoort 
Brothers  (PI.  XIX,  B)^  in  which  the  roof  truss  was  simply  butted 
against  the  block  wall  without  tie  or  other  connection. 

At  Santa  Rosa  the  destruction  was  ijreater  than  in  anv  other  section 
affected  by  the  earthquake,  and  the  fire  that  followed  completely 
wiped  out  the  business  section  of  the  town,  which  suffered  a  greater 
proportionate  total  loss  than  San  Francisco.  A  concrete-block  build- 
ing (PI.  XIX,  .1)  in  this  town  escaped  with  slight  damage  at  the 
coniice  only,  where  the  blocks  were  thrown  down,  the  reason 
being  that  the  walls  were  tied  to  the  roof  timbers  by  tie-rods  which 
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held  the  walls  and  roof  together  and  made  them  move  as  a  unit. 
The  cornice  was  rebuilt  before  the  view  was  taken.  AVhile  buildings 
of  brick  and  stone  collapsed  all  around  this  one,  it  received  practi- 
cally no  damage  and  demonstrated  that  structures  that  will  success- 
fully withstand  earthquake'  shock  can  be  built  of  concrete  blocks. 
The  other  buildings  at  Santa  Rosa  did  not  present  any  interesting 
features,  as  they  were  mostly  defective  in  design  and  workmanship 
and  the  material  was  generally  poor.  The  city  hall,  the  court-house 
(PL  XIV,  B),  the  Masonic  Temple,  the  Keegan-Brush  Building,  and 
the  St.  Rose  Hotel  were  all  completely  wrecked,  and  added  their 
testimony  against  poor  mortar  in  brickwork,  light  wooden  frames, 
and  insufficient  bracing. 

Towns  like  Berkeley  and  Oakland  did  not  suffer  as  greatly  from, 
the  earthquake  as  many  neighboring  towns,  the  reason  lying  in  the 
fact  that  these  towns  are  built  on  solid  ground  or  on  rock.  In  Berke- 
ley, while  chimneys  were  shaken  down,  there  was  no  extensive  earth- 
quake damage.  The  Greek  Theater,  a  massive  structure  of  concrete, 
was  iminjured.  In  Oakland,  however,  greater  destruction  occurred. 
Just  outside  of  Oakland  is  located  the  Mills  College  for  Girls.  The 
science  building  had  brick  walls  plastered  with  cement  mortar, 
and  was  considerably  damaged  by  the  shaking  it  received  and  the 
falling  chimneys.  The  building  had  wooden  floors  and  was  con- 
siderably racked,  the  walls  being  pushed  out  slightly.  Within  a  few 
feet  is  the  bell  tower  (PL  XX,  B),  n  reenforced-concrete  structure 
80  feet  high  with  walls  4  inches  thick,  which  was  not  damaged  in  the 
slightest  degree. 

CONDITIONS  IN  SAN  FRANCISCO. 
GENERAL  EARTHQUAKE  CONDITIONS  AND  EFFECTS. 

Within  the  city  of  San  Francisco  (see  the  map,  PI.  LVI)  the  havoc 
wrought  by  the  earthquake  depended  on  the  character  of  the  con- 
struction and  its  foundation.  Bordering  San  Francisco  Bay,  from 
Telegraph  Hill  to  Mission  Creek,  the  land  consists  of  mud  flats,  which 
have  been  gradually  filled  in,  and  on  this  land  many  large  com- 
mercial buildings  had  been  erected,  among  others  being  the  Union 
Ferry  building,  the  post-office,  the  mint,  and  the  custom-house. 
Adjoining  this  filled  land  was  comparatively  level  ground  composed 
of  sand  and  clay  formed  by  the  wearing  away  of  the  hillsides  and  by 
the  incoming  sand  from  the  seacoast — a  fringe  of  soil  on  which  were 
located  many  of  the  principal  buildings.  From  Telegraph  Hill 
southwestward  along  Russian  Hill  to  Sutro  Heights  runs  a  ridge  of 
rocky  hills  composed  of  indurated  day  shale,  with  serpentine  and 
other  rocky  formations  on  their  highest  summits. 
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The  signs  of  destruction  wrought  by  the  earthquake  in  the  city  of 
San  Francisco  were  more  or  less  obscured  or  in  many  places  entirely 
obliterated  by  the  fire.  The  best  evidence  of  the  earthquake  can 
therefore  be  obtained  outside  the  burned  district,  and  the  following 
notes  cover  the  most  important  examples  of  damage  due  to  the 
earthquake  alone. 

As  in  districts  outside  of  San  Francisco,  the  greatest  damage  w^as 
done  to  those  structures  having  insufficient  foundations  built  on  soft 
alluvium  or  filled  ground.  The  settling  of  the  ground  in  the  mud 
flats  along  San  Francisco  Bay  and  of  the  filled  ground  in  old  water 
courses  was  accompanied  with  great  destruction.  It  was  in  such 
ground  that  the  greatest  number  of  breaks  occurred  in  the  cast-iron 
gas  and  water  mains  and  the  sewers.  The  breaks  in  the  sewers  were 
not  so  evident  as  those  in  the  gas  and  water  mains,  for  the  reason  that 
the  latter  were  under  pressure  and  breaks  in  them  resulted  in  breaks 
in  the  streets  themselves.  The  most  noticeable  destruction  resulting 
from  the  settling  of  soft  or  filled  ground  occurred  in  Howard  and 
Shotwell  streets  between  Seventeenth  and  Eighteenth  streets,  Bryant 
street  betwen  Ninth  and  Tenth  streets,  Dore  street  between  Bryant 
and  Brannan  streets  (PI.  VI,  /I),  and  at  the  corner  of  Seventh 
and  Mission  streets.  The  settling  was  greatest  in  Howard,  Dore,  and 
Bryant  streets,  being  in  Dore  street  at  least  5  feet. 

On  solid  ground  the  earthquake  liad  a  rocking  effect  which  pro- 
duced X  cracks  (PI.  XXIT,  ^)  in  the  brick  or  stone  walls  of  those 
buildings  which  were  deficient  in  diagonal  bracing.  This  was  espe- 
cially true  in  the  upper  stories  of  tall  buildings,  the  cracks  generally 
appearing  in  the  piers  between  windows  or  around  doorways.  The 
brick  curtain  walls  of  buildings  well  braced  diagonally,  brick  walls 
reenforced  with  band  iron,  and  well-buttressed  brick  walls,  as  in  such 
old  structures  as  the  Palace  Hotel,  Sailors'  Home,  St.  Mary's  Hos- 
pital, Synagogue  Emanuel  (PI.  XXT,  B)^  and  others,  and  walls  of 
reenforced  concrete  proved  best  adapted  to  withstand  this  rocking 
action.  The  Palace  Hotel  was  stiffened  with  cross  walls  in  addition 
to  the  band-iron  reenforcement  in  the  brickwork,  and  is  in  good  con- 
dition as  far  as  earthquake  effects  are  concerned.  It  was  completely 
gutted  by  fire,  however  (Pis.  XXX,  B;  LII,  B),  being  a  nonfire- 
proof  structure  with  wooden  floors  and  roof  which  yielded  readily. 

Weak  and  flimsy  framing,  insufficient  bracing,  and  poor  mortar 
were  the  cause  of  most  of  the  failures  in  San  Francisco.  The  Albert 
Pike  Memorial,  a  recently  completed  building  on  (ilearv  street  west 
of  Fillmore,  was  seriously  damaged,  and  so  also  was  the  adjoining 
Jewish  synagogue  (PI.  XXI,  .1),  which  had  not  been  quite  completed. 
Both  buildings  are  examples  of  defective  design  and  workmanship. 
In  the  girls'  high  school  the  damage  to  the  brick  walls  resulted  from  a 
lack  of  proper  tie  between  the  floor  and  roof  timbers  and  the  walls 
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and  the  poor  quality  of  the  mortar  used  in  the  brickwork.  Again, 
in  the  Hahnemann  Medical  College,  on  California  street  near  Maple 
street,  the  destruction  of  the  end  walls  was  the  result  of  bad  design, 
the  roof  trusses  butting  against  the  walls  and  the  floor  timbers  resting 
upon  the  walls  without  adequate  tie.  The  poor  quality  of  the  mor- 
tar permitted  a  ready  disintegration  of  the  brick-veneered  walls, 
although  some  band  iron  had  been  used  for  the  purpose  of  strength- 
ening them.  The  Cathedral  of  St.  Dominic,  with  its  high,  unbraced 
brick  walls  and  its  peculiar  wood-sheathed  spires,  also  proved  a 
victim  of  poor  design  and  workmanship ;  the  sheathing  on  the  spires 
was  shaken  off  and  the  collapse  of  the  walls  resulted  in  extensive 
damage  to  the  interior. 

In  interesting  contradistinction  to  these  failures  was  the  Sailors' 
Home,  erected  in  1858  for  use  as  a  marine  hospital  and  condemned 
as  unsafe  after  the  earthquake  of  1868.  Its  heavy  brick  walls,  reen- 
forced  with  band  iron  and  further  stiffened  by  cross  walls  thoroughly 
bonded,  are  in  excellent  condition.  The  building  rests  upon  rock 
and  the  framing  is  excellent;  the  rafters  are  fastened  to  a  wall 
plate  which  ties  the  walls,  causing  the  structure  to  move  as  a  unit. 
The  only  cracks  occurred  where  partition  walls  which  had  been  added 
were  shaken  loose  from  the  main  walls  and  around  the  archways 
leading  to  the  main  stairway  on  the  second  and  third  floors,  where 
no  extra  stiffening  of  the  walls  had  been  provided.  The  building  in 
all  other  respects  suffered  no  damage,  there  being  no  new  cracks 
apparent  in  the  exterior  walls. 

The  old  red-tiled  Spanish  Mission  Dolores  (PI.  XXIII,  B),  built 
in  1777,  with  its  adobe  walls  and  w^ooden  frame,  was  not  injured, 
while  its  more  modern  successor  was  greatly  damaged.  The  com- 
plete collapse  of  the  tower  of  the  new  Mission  Dolores  was  not 
brought  about  directly  by  the  earthquake,  but  the  damage  was  such 
that  the  tower  had  to  be  taken  down,  as  shown  in  PI.  XXIII,  B. 

The  group  of  buildings  comprising  the  plant  of  the  San  Francisco 
Gas  and  Electric  Light  Company,  built  on  the  soft  gi-ound  along 
San  Francisco  Bay  just  west  of  Fort  Mason,  was  badly  shaken,  and 
none  of  the  buildings  escaped  damage.  The  collapse  of  the  stack 
wrecked  the  light  slate-covered  iron  roof  of  the  power  house  and 
started  the  fire  that  destroyed  the  roof  of  the  boiler  house.  The 
ground  settled  very  considerably  under  the  vibrations  of  the  earth- 
quake, and  further  destruction  was  caused  by  the  unequal  settling 
of  the  building.  The  main  shock  appeared  to  come  from  the  north, 
and  the  north  walls  received  the  greatcht  damage.  The  end  wall  of 
the  retort  house  was  pushed  out  1  foot  at  the  center,  but  was  saved 
from  collapse  by  the  tie-rods  which  held  it  to  the  roof  truss.  The 
walls  were  cracked  at  the  northwest  and  northeast  corners.  The 
scrubber  and  gas-tar  holder  houses  were  wrecked,  the  heavy  wooden 


28  THE   SAN   FRANCISCO  EARTHQUAKE   AND  FIRE. 

roof  trusses  collapsing.  Nearly  every  wall  was  moved  slightly,  but 
the  brickwork  was  generally  very  good,  and  apparently  had  cement  in 
it.  The  exhaust  house  had  three  intermediate  walls,  18  inches  thick 
at  the  top.  The  north  wall  and  the  next  one  fell  into  the  building, 
the  side  walls  being  pushed  out  6  inches.  The  building  had  wooden 
roof  trusses  and  the  north  truss  cracked  at  the  center  mortise.  The 
floor  settled  badly  around  the  condensers.  The  gas  holder  collapsed 
from  the  sudden  release  of  the  gas  due  to  a  break  in  the  mains.  The 
trestle  pier  extending  into  the  bay  also  collapsed. 

Most  of  the  structures  built  on  piles  along  the  bay  suffered  consid- 
erable damage,  especially  the  frame  sheds  on  the  wharves.  The 
Union  Ferry  Building  (PI.  XLVI,  -A),  the  terminus  for  all  the  fer- 
ries plying  on  the  bay,  is  built  on  piles.  It  was  more  seriously  dam- 
aged by  the  earthquake  than  would  appear  at  first  sight,  and  barely 
escaped  the  fire  also.  It  is  of  interest  to  consider  in  some  detail  the 
behavior  of  this  structure  under  the  action  of  the  earthquake.  The 
ten-story  tower  was  so  seriously  damaged  as  to  require  the  removal  of 
the  masonry  walls,  and  will  probably  have  to  be  rebuilt.  This  tower 
consists  of  a  steel  frame  which  was  inclosed  with  hea.vy  sandstone 
walls  backed  with  brick  for  several  of  the  lower  stories,  and  with 
sheet  metal  above.  The  floors  above  the  masonry  part  were  of  stone 
concrete  reenforced  with  expanded  metal  between  I  beams.  The  brick 
walls  were  badly  shattered,  and  a  large  section  was  thrown  out  just 
below  the  clock  on  the  west  front,  while  on  the  east  front  a  large  mass 
fell  through  the  skylight  onto  the  upper  story  of  the  main  building. 
There  were  but  few  cracks  in  the  north  and  south  walls.  The  steel 
time-ball  staff  was  badly  bent,  indicating  a  considerable  movement  of 
the  top  of  the  tower,  probably  resulting  from  the  first  shock.  The 
steel  work  was  severely  racked,  the  greatest  damage  being  just  below 
the  middle.  Some  of  the  diagonal  braces  were  sagged,  having  been 
stretched  beyond  their  elastic  limit  (PI.  XLVI,  B),  In  the  southeast 
corner  of  the  third  story  the  bottom  and  top  loops  of  one  of  the  2-inch 
square  diagonals  were  pulled  apart,  and  several  of  the  rivets  in  the 
angle  connection  were  sheared  off*;  in  the  southwest  corner  also  the 
top  diagonal  loop  pulled  apart,  the  diagonal  being  considerably  bent; 
in  the  northwest  corner  seven  of  the  eight  ^-iiich  rivets  in  the  angle 
of  the  connection  for  the  diagonals  were  sheared  off  (PI.  XLVII,  5) ; 
and  in  the  northeast  corner  all  but  2  inches  of  the  top  angle  was 
sheared,  and  the  north  diagonal  was  bent,  the  loop  having  been  pulled 
apart.  On  the  second  floor,  in  the  northeast  corner,  the  top  east 
diagonal  connection  pulled  away,  shearing  the  rivets;  in  the  south- 
east corner  the  top  angle  of  the  diagonal  connection  sheared  for 
about  2  inches,  and  four  of  the  1-inch  rivets  holding  the  cover  plate 
of  the  southwest  column  (PI.  XLVII,  A)  were  sheared,  as  were  also 
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two  of  the  rivets  holding  the  clip  support  for  the  west  girder.  The 
floor  of  the  main  building  consisted  of  groined  arches  of  stone  con- 
crete springing  from  concrete  piers  supported  by  cluster  piles.  The 
self-supporting  walls  of  sandstone  backed  with  brick  were  more  or 
less  shaken,  and  the  piers  of  the  driveways  were  badly  cracked ;  the 
floors  were  of  stone  concrete  reenforced  with  expanded  metal  between 
I  beams  and  supported  by  cast-iron  columns.  The  concrete  in  this 
building  appeared  to  be  undamaged. 

Most  of  the  entrances  to  the  cemeteries  were  wholly  or  parti  all}' 
wrecked,  and  the  burial  vaults  and  gravestones  were  all  more  or  less 
disarranged.  It  has  been  estimated  that  perhaps  60  per  cent  of  the 
monuments,  vaults,  etc.,  in  cemeteries  were  overturned  or  moved. 

In  Golden  Gate  Park  nearly  every  stone  or  brick  structure  was 
damaged.  The  emergency  hospital,  a  single-story  brick  and  stone- 
veneered  building,  lost  its  gable  walls  and  was  damaged  in  the  same 
manner  as  other  structures  having  improperly  bonded  walls  laid  in 
lime  mortar,  and  deficient  in  proper  ties  between  the  masonry  and  the 
other  structural  parts.  The  gable  walls  of  the  restaurant  in  the 
children's  playground  were  thrown  down  by  the  earthquake,  but 
the  greatest  damage  resulted  in  the  settling  of  the  foundation  of  one 
of  the  columns,  which  caused  the  collapse  of  the  structure.  The 
music  stand,  a  stone-veneer  brick-backed  structure,  was  racked  and 
shaken.  Part  of  the  pediment  was  shaken  loose,  and  many  of  the 
columns  were  spalled  and  moved.  Some  of  the  walls  of  the  museum 
were  thrown  down,  and  its  contents  were  more  or  less  damaged. 
All  the  monuments  were  damaged.  The  Francis  Scott  Key  monu- 
ment (PI.  XX,  A)  was  racked  so  badly  that  the  arch  stones  were 
shaken  loose,  the  columns  spalled  at  cap  and  base,  and  the  monument 
as  a  whole  moved  on  its  foundations. 

The  most  interesting  structure  in  Golden  Gate  Park  is  the  cyclo- 
rama  (PI.  XXIII,  A),  on  the  top  of  Strawberry  Hill,  built  about 
fifteen  years  ago.  The  top  of  the  hill  had  been  leveled  off'  in  order  to 
form  a  foundation.     The  cvclorania  consisted  of  circular  walls  of 

ft.' 

reenforced  concrete,  the  aggregate  of  wliich  was  a  hard  shale  crushed 
to  concrete  size.  This  material  was  very  inferior  and  yielded  a  poor 
concrete.  The  reddish-brown  effect  was  obtained  bv  means  of  a 
veneer  (IJ  to  4  inches  thick)  of  a  concrete  consisting  of  crushed  brick, 
sand,  and  cement.  The  reenforcement  in  the  base  consisted  of  four 
J-inch  cables  of  thirty  strands  each.  The  reenforcement  of  the 
columns  consisted  of  ^-inch  twisted  bars  and  ^-inc^h  stirrups.  The 
entrance,  with  its  very  heavy,  nuissive  top,  should  have  l^een  of  hol- 
low-construction reenforced  concrete.  The  settling  of  the  foundation 
or  fill  under  the  vibration  of  the  earthquake  caused  the  structure  to 
collapse.  The  slip  (PL  XXII,  B)  occurred  principally  on  the  north- 
east side,  the  movement  being  4  or  5  feet.    The  principal  crack  in 
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the  base  was  about  11  inches  wide,  with  a  half-inch  horizontal 
crack  leading  from  it  along  the  reenforcement.  The  floor  is  in  good 
condition,  except  the  pavement,  which  broke  into  blocks,  most  of  the 
planes  of  fracture  coinciding  with  the  actual  joints  between  the  dif- 
ferent sections.  Under  the  circumstances — the  undermining  of  the 
foundation  by  the  slip  as  described — the  structure  developed  remark- 
able strength.  No  brick  or  stone  structure  could  have  stood  the  shock 
so  well.  The  rustic  railing  around  the  outside  of  the  walk  (PI. 
XXII,  5),  which  was  of  wrought-iron  pipe  covered  with  wire  mesh 
and  plastered  with  Portland-cement  mortar,  was  distorted  by  the  slip, 
but  otherwise  uninjured. 

At  the  bottom  of  Strawberry  Hill  is  a  bridge  crossing  over  Stow 
Lake.  This  bridge  is  made  of  concrete,  and  showed  no  signs  of 
cracking,  although  the  banks  of  the  lake  slipped  into  the  water. 

BEHAVIOR  OF  INDIVIDUAL  STRUCTURES. 
GENERAL  STATEMENT. 

The  numerous  fires  that  broke  out  all  over  the  city  were  doubtless 
caused  by  the  collapse  of  chimneys  and  the  breaking  of  electric  con- 
nections. These  fires  were  at  first  confined  to  the  territory  south  of 
Market  street,  and  it  is  said  that  by  8  a.  m.  on  the  morning  of  April 
18  more  than  fifty  fires  were  recorded.  The  early  failure  of  the 
water  mains  rendered  the  city  helpless  and  placed  it  at  the  mercy  of 
the  flames,  the  fury  of  wliich  for  three  days  threatened  to  complete 
one  of  the  greatest  disasters  of  recent  years  and  to  obliterate  one  of 
the  most  beautiful  cities  in  the  country.  The  conflagration  was 
finally  checked,  at  the  barrier  presented  by  a  wide  avenue,  by  a 
change  in  the  direction  of  the  wind  and  through  the  efforts  of  the 
fire  department,  using  water  pumped  from  the  bay  at  the  foot  of 
Van  Xess  avenue. 

San  Francisco  consisted  principally  of  frame  and  brick  structures, 
with  perhaps  forty  or  more  so-called  "  fireproofs,"  a  few  buildings 
of  slow-burning  construction,  and  the  substantial  Government  build- 
ings. Many  of  the  buildings  contained  mercantile  stocks,  and  most 
of  them  were  exposed  to  exterior  fire  c(mditions  of  maximum  sever- 
ity. Since  every  type  of  construction  was  represented,  the  ruins 
afford  a  most  excellent  opportunity  for  comparative  study,  although 
the  scope  of  the  information  obtained  is  incomplete,  as  a  water  test 
is  lacking. 

In  comparing  the  behavior  of  the  various  structures  and  structural 
materials  it  has  been  thought  best  to  describe  the  condition  in  which 
certain  individual  buildings  were  left  by  the  earthquake  and  fire, 
and  to  present  the  salient  features  of  these  buildings  by  illustrations 
with  descriptive  legends.    The   following  descriptions,   which   for 
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convenience  are  arranged  in  alphabetical  order,  cover  the  structures 
not  previously  mentioned  that  were  inspected  by  the  writer,  the 
total  number  embracing  nearly  every  building  that  was  left  stand- 
ing in  the  burned  district.  The  locations  of  these  buildings  can 
be  found  by  reference  to  the  map,  PI.  LVI,  and  to  the  panorama, 
PI.  LV. 

ACADEMY   OF    SCIENCES    BUILDING. 

The  Academy  of  Sciences  building,  819  Market  street,  views  of 
parts  of  which  are  shown  in  Pis.  XXIV,  A,  and  XXV,  5,  was  of 
ordinary  concrete  construction  and  six  stories  high,  and  was  com- 
pletely destroyed. 

A  six-story  annex  having  brick  walls,  concrete-filled  cast-iron  col- 
umns, and  reenforced-concrete  floors,  was  connected  to  the  main 
building  on  the  rear.  The  brick  walls  of  the  annex  were  badly 
cracked  by  the  earthquake,  and  the  building  was  subsequently  com- 
pletely gutted  by  fire.  The  structure  itself  passed  through  a  fairly 
hot  fire  successfully,  although  surrounded  by  buildings  which  were 
completely  wrecked.  Plaster  of  Paris  was  used  on  the  concrete-filled 
cast-iron  columns  and  seemed  to  stand  fire  much  better  than  lime  mgr- 
tar.  These  columns  are  shown  in  PI.  XXV,  B,  a  view^  taken  from 
the  third  floor  looking  southeast.  An  interesting  feature  of  the 
building  was  the  concrete-filled  cast-iron  column  that  supported  the 
south  wall.  Owing  to  the  unequal  expansion  of  the  cast  iron  and  the 
concrete  the  cast  iron  failed,  bulging  from  the  heat  and  cracking  on 
cooling,  as  shown  in  PI.  XXIV,  .1.  The  J-inch  or  1-ineh  thickness 
of  concrete  which  covered  the  reenforcing  bars  proved  insufficient  in 
the  basement,  where  the  fire  was  fairly  hot.  The  heat  expanded  the 
bars,  thereby  ripping  off  the  concrete  layer  and  leaving  the  rods 
exposed. 

-aETNA    (yOUNC,   or    COMMISSARY;    BUILDING. 

The  five-story  iEtna  Building  (Pis.  XXIV,  B;  XXV,  A;  XXIX, 
i?),  on  the  southwest  corner  of  Spear  and  Market  streets,  was  occu- 
pied by  the  Sellers  Brothers  Hardware  Company.  It  was  built  on 
piles  and  had  self-supporting  walls  of  gra>'  granite,  pressed  brick, 
and  terra  cotta.  The  steel  columns  and  girders  were  fireproofed  with 
expanded  metal,  plastered.  The  expaiided-metal  reenforced-concrete 
floors  rested  upon  steel  girders  with  intermediate  ribs  of  concrete 
supported  by  5-inch  by  i-ii1(!h  bands  of  steel  without  fireproofing 
which  hooked  onto  the  top  flanges  of  the  girders. 

One  panel  of  the  fifth  floor,  which  was  rather  heavily  loaded  with 
tin  plate,  collapsed  bc*cause  of  the  expansion  of  the  above-mentioned 
steel  bands  from  the  heat,  which  was  sufficient  to  volatilize  the  tin 
even  from  the  middle  sheets  of  the  pile.    The  fall  of  the  load  of  tin 
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plate  caused  the  failure  of  the  third  floor,  as  shown  in  PI.  XXIX,  B. 
The  plaster  protection  of  the  columns  was  in  fair  condition,  and  the 
columns  were  uninjured.  The  principal  damage  from  earthquake 
was  to  the  brick  walls,  the  south  and  west  walls  showing  a  number  of 
cracks.  The  granite  trimmings  around  the  doorway  and  the  terra- 
cotta trimmings  of  the  building  were  badly  spalled  by  the  fire,  as 
shown  in  PI.  XXIV,  B,  The  basement  floor,  which  was  of  concrete 
7  or  8  inches  thick,  was  pushed  up  under  the  sidewalk,  reducing  the 
headroom  at  this  point  from  8  feet  to  3^  feet,  approximately.  This 
bulging  was  probably  caused  by  settling  (PI.  XXV,  J.),  as  the 
foundation  piling  did  not  extend  under  the  sidewalk. 

appraisers'    WAREHOUSE    ( UNITED   STATES    CUSTOM-HOUSE )  . 

The  four-story  custom-house  building,,  on  Jackson,  Washington, 
and  Battery  streets,  shown  in  PI.  XXVIII,  J.,  passed  through  both 
earthquake  and  fire  without  injury,  although  located  on  the  alluvial 
flats.  All  the  buildings  around  it  were  burned,  but  the  fire  did  not 
gain  a  foothold  in  this  building,  and  there  w^as,  therefore,  no  fire  test. 
As  an  example  of  successful  resistance  of  the  earthquake  test,  how- 
ever, this  building  stands  as  a  favorable  testimony  to  first-class  mate- 
rials and  workmanship.  The  walls  were  of  brick,  with  granite 
ornamentation,  and  the  roof  was  slate  covered.  The  partitions  and 
cross  walls  were  all  of  solid  brickwork,  and  the  only  damage  that  they 
sustained  consisted  of  a  few  cracks  in  the  archways  near  the  stairways 
on  the  upper  floors. 

ARONSON    BUILDING. 

The  ten-story  Aronson  Building,  on  the  corner  of  Third  and  Mis- 
sion streets,  had  a  steel  skeleton  with  hollow-tile  partitions  and  fire- 
proofing  for  the  colunuis.  The  floors  were  of  concrete  reenforced 
with  expanded  metal. 

Two  of  tlie  columns  on  the  first  floor  buckled  by  reason  of  the  fail- 
ure of  the  hollow  tile  (PI.  XXVII,  B)^  the  columns  being  shortened 
about  10  inches.  Columns  also  buckled  in  the  basement  and  on  the 
fifth,  eighth,  and  tenth  floors.  In  the  basement  two  columns  were 
fireproofed  with  concrete,  and  remain  in  first-class  shape,  but  near 
them  are  two  badly  buckled  columns  which  were  fireproofed  with 
terra  cotta.  This  result  is  an  excellent  object  lesson  on  the  merits  of 
the  two  systems  of  fireproofing.  The  sandstone  was  badly  spalled  by 
fire,  and  the  walls  were  badly  racked  by  the  earthquake.  The  cast- 
iron  stairways  were  very  nmch  damaged.  The  fire  in  this  building 
was  not  severe. 
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BEKINS  VAN  AND  STORAGE  COMPANY'S  BUILDING. 

The  building  in  process  of  construction  by  the  Bekins  Van  and 
Storage  Company,  at  the  corner  of  Thirteenth  and  Mission  streets, 
was  the  only  example  of  the  pure  type  of  reenforced  concrete  in  the 
city  (PL  XXVII,  ^4).  Two  of  the  six  floors  were  erected,  the  walls 
being  made  of  brick  laid  in  lime  mortar  and  the  floors  and  columns  of 
reenforced  concrete. 

The  walls  were  badly  cracked  by  the  earthquake,  but  the  reenforced 
concrete  was  not  injured.  Considerable  furniture  stored  in  the 
building  was  burned,  and  the  heat  slightly  blistered  the  under  surface 
of  the  concrete  floor,  which  was  still  green  at  the  time  of  the  disaster. 

BULLOCK    &    JONES    BUILDING. 

The  Bullock  &  Jones  Building,  on  Sutter  street  west  of  Mont- 
gomery street,  is  an  eight-story  steel  skeleton  with  floors  of  reenforced 
cinder  concrete,  hollow-tile  partitions  and  column  protection,  and 
l)earing  walls  of  ornamental  terra  cotta  and  terra-cotta  pressed  brick. 
The  reenforced-concrete  floor  arches  were  haunched  between  steel 
girders,  but  were  not  continuous  over  the  girders. 

The  earthquake  damaged  the  outside  very  considerably.  The  build- 
ing is  of  rather  flimsy  construction,  and  it  is  a  wonder  that  the  fire 
did  not  wreck  it.  The  terra  cotta  was  badly  spalled  by  the  fire, 
especially  around  the  windows,  and  the  hollow  tile  failed  badly,  both 
in  partitions  and  as  column  prote(ttion.  The  8-inch  terra-cotta  parti- 
tions failed  generally,  and  several  columns  buckled  on  the  third  and 
eighth  floors  (PI.  XXVI,  .1).  The  elevator  indosure,  which  was 
plastered  on  expanded  metal,  failed,  as  did  also  the  cast-iron  stair- 
ways. The  wood  covering  of  the  flcK)rs  and  the  wooden  nailing 
strips  were  burned.  The  concrete  floor  is  in  excellent  condition.  A 
few  panels  collapsed  where  the  steel  girders  were  displaced.  The 
distorted  unprotected  beams  and  girders  around  openings  show 
strikingly  the  folly  of  unprotected  steel  work. 

CALIFORNIA    CASKET   COMPANY'S   BUILDIN(}. 

The  building  w^hich  was  in  process  of  construction  on  Mission 
street  between  Fifth  and  Sixth  streets  bv  the  California  Casket  Com- 
pany  was  seven  stories  in  height  and  had  a  steel  skeleton  and  floors  of 
reenforced  cinder  concrete.  The  self-supporting  walls  were  built  on 
the  sides  and  rear  of  brick  and  on  the  front  of  brick  faced  with 
sandstone,  which  was  spalled  by  the  heat,  although  there  was  no 
stock  and  little  combustible  material  in  the  building.    The  columns 
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were  fireproofed  with  concrete.  The  brick  protection  around  many 
of  the  columns  was  jarred  loose,  and  the  brick  vaults  on  the  first,  sec- 
ond, and  third  floors  were  badly  cracked  around  the  archways  of  the 
openings  into  them,  as  shown  in  PL  XXIX,  .4,  a  view  of  a  vault  in 
the  second  story.  The  stairways  were  constructed  of  concrete  with 
steel  channel  horses  and  were  cracked  in  a  number  of  places,  espe- 
cially at  the  landings.  Some  of  the  wooden  window  frames  were 
burned,  but  the  fire  was  not  very  severe  either  in  the  building  or  sur- 
rounding it,  the  greatest  damage  resulting  from  the  earthquake. 
The  partitions  inclosing  stairways  and  elevator  shafts  were  of  the 
usual  flimsy  metal  lath  and  plaster  type.  The  walls  were  so  badly 
cracked  as  to  require  partial  rebuilding,  especially  at  the  southwest 
and  northwest  corners. 

CALL    (CLAUS    SrRECKELS'l    BUH.DING. 

The  Call  Building  (fifteen  stories  besides  the  dome),  corner  of 
Third  and  Market  streets,  was  one  of  the  best-designed  skeleton  build- 
ings in  San  Francisco.  It  was  fairly  well  braced  laterally,  and  the 
workmanship  was  first  class.  It  stood  the  earthquake  shock  well  be- 
cause of  its  excellent  foundation,  which  extended  25  feet  below  the  side- 
walk and  consisted  of  a  grillage  of  steel  beams  embedded  in  concrete. 
The  main  defect  was  in  the  fireproofing  of  the  floors  and  columns, 
in  which  terra  cotta  was  used,  and  the  greatest  damage  to  the  build- 
ing was  from  fire.  Although  some  of  the  diagonal  braces  were  bent 
and  had  apparently  been  stretched  so  as  to  take  a  permanent  set,  the 
general  behavior  of  the  structure  demonstrates  that  high  build- 
ings subject  to  earthquake  can  be  erected  with  safety  even  on  sand 
foundations. 

The  floors  were  of  reenforced  concrete  up  to  the  seventh  story  and 
of  hollow-tile  arches  above,  topped  with  cinder  concrete.  The  par- 
titions were  principally  3-inch  hollow  tile,  and  these  failed  very  gen- 
erally. The  terra-cotta  fireproofing  around  the  colunms  proved  inef- 
fective, and  although  the  steel  did  not  buckle,  the  paint  had  been 
burned  off  the  metal.  Wood  floors  laid  on  wood  nailing  strips  were 
used  in  all  offices,  and  were  all  destroyed  by  fire.  The  marble  tiling 
and  wainscoting  of  the  corridors  was  either  shaken  down  by  the 
earthquake  or  destroyed  by  the  fire.  The  stairways  had  cast-iron 
horses  and  marble  treads,  most  of  the  latter  being  calcined.  The 
suspended  wire  lath  and  plaster  ceilings  were  generally  destroyed 
because  of  the  lack  of  proper  fastenings.  The  curtain  walls  of 
granite  and  sandstone  were  not  damaged  by  the  earthquake,  but  were 
considerably  spalled  by  the  fire. 
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CHRONICLE  BUILDINGS. 

The  Chronicle  buildings,  corner  of  Market  and  Kearney  streets, 
comprised  an  old  ten-story  structure  and  a  new  fifteen-story  annex 
that  was  in  process  of  construction,  both  shown  in  PL  XXX,  B.  The 
old  building  consisted  of  steel  beams  and  protected  cast-iron  cohnnns, 
with  self-supporting  walls,  which  had  a  brownstone  front  up  to  the 
second  story  and  were  ornamented  with  terra  cotta  above.  The 
floor  was  of  hollow  tile,  filled  with  cinder  concrete  and  covered  with 
wood.  The  cast-iron  columns  were  fireproofed  with  3-inch  hollow 
tile,  and  4-inch  hollow  tile  was  used  for  the  partitions.  The  terra- 
cotta partitions  and  fireproofing  entirely  collapsed.  The  buikling 
appeared  to  have  stood  the  earthquake  shock,  and  received  its  prin- 
cipal damage  through  the  fire.  The  collapse  of  the  western  section 
of  the  building  was  probably  due  to  the  buckling  of  the  cast-iron 
columns. 

In  the  annex  terra-cotta  hollow  tile  was  used  for  the  floor  con- 
struction, 4-inch  hollow  tile  for  the  partitions,  and  3-inch  hollow 
tile  for  fireproofing  the  columns  and  girders.  The  curtain  walls 
were  built  of  sandstone,  with  terra-cotta  trimmings  for  the  front 
walls  of  the  first  and  second  stories,  and  brick  and  terra  cotta  for 
the  remainder.  The  building  was  racked  considerably  by  the  earth- 
quake, the  front  walls  developing  the  characteristic  X  cracks  (a 
number  of  which  may  be  perceived  by  a  close  inspection  of  PI. 
XXX,  i?),  due  to  a  lack  of  diagonal  bracing  of  the  steel  skeleton. 
The  tiling  failed  extensively,  the  lower  webs  spalling  off  and  the 
columns  buckling  in  the  southwest  corner  on  the  upper  floors  above 
the  roof  of  the  old  Chronicle  Building.  There  was  little  combustible 
material  in  the  building,  and  the  trim  had  not  started ;  a  few  of  the 
wooden  window  frames  only  burned;  so  that  the  fire  test  was  not 
great. 

CITY    HALL   AND    HALL   OF    RECORDS. 

The  city  hall  (PI.  XXXI)  was  a  brick  building,  at  City  Hall 
avenue,  Larkin  street,  and  McAllister  street,  consisting  of  steel  floor 
beams  and  coi;rugated-iron  arches  with  cinder-concrete  filling.  It 
was  wrecked  by  the  earthquake  and  subse(niently  gutted  by  the  fire. 
A  prominent  feature  was  a  central  tower,  surmounted  by  a  dome 
built  over  a  structural  steel  skeleton.  Grouped  around  the  dome 
were  a  number  of  cast-iron  columns  of  half-inch  metal  filled  with 
brick  concrete  supported  on  brackets.  Some  of  these  columns  in 
falling  broke  into  small  pieces.  The  brickwork  was  comi)letely 
shaken  from  the  central  tower.  The  cement -plastered  brick  walls 
were  laid  in  lime  mortar  of  generally  poor  quality  and  without 
adequate  tie  to  the  steel  work.    In  some  places  there  was  an  absence 
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of  any  mortar,  but  in  others  it  was  very  good,  the  brick  walls  falling 
in  large  masses  and  the  broken  bricks  showing  the  mortar  to  have 
been  the  stronger.  The  massive  architectural  ornamentations  were 
top-heavy  and  lacked  adequate  bracing.  The  ceiling  was  formed  of 
corrugated  metal  against  which  the  mortar  plaster  was  pressed,  with 
intermediate  brick  partitions  where  the  span  of  the  beams  was  too 
great.  The  expansion  of  the  corrugated-iron  arches  by  the  heat 
produced  a  rise  at  the  crown,  and  the  softening  of  the  iron  caused 
the  arches  to  fail ;  they  w^ould  have  been  much  stronger  without  the 
unprotected  corrugated  iron.  In  the  treasury  department  a  granite 
column  was  badly  spalled  by  the  fire.  The  building  was  a  monu- 
ment of  bad  design  and  poor  materials  and  workmanship,  and  was 
not,  therefore,  of  such  a  character  that  it  could  be  expected  to 
resist  successfully  the  eifect  of  earthquake  or  fire. 

The  damage  done  to  the  hall  of  records  by  the  earthquake  was  not 
}^erions,  and  consisted  of  the  falling  of  a  small  section  of  brickwork 
from  the  third  story  on  the  west  side  and  other  cracks  in  the  walls. 
The  fire,  however,  destroyed  the  contents  of  the  building,  leaving  only 
the  shell  standing, 

CROCKER   BUILDING. 

The  ten-story  Crocker  Building,  corner  of  Powell  and  Market 
streets,  was  a  steel-skeleton  structure,  with  hollow-tile  floor  arches, 
partitions,  and  fireproofing  for  columns  and  girders.  The  first  two 
stories  of  tlie  self-supporting  walls  were  granite,  and  the  remainder 
buif  brick  with  terra  cotta. 

On  the  ninth  and  tenth  floors  the  light  Phoenix  columns  buckled 
through  the  failure  of  the  hollow-tile  fireproofing.  The  fire  was  only 
moderate,  however,  and  except  on  the  ninth  and  tenth  floors  the 
t^teel  appeared  to  be  in  good  condition.  The  weakness  of  hollow  floor 
tiles  for  carrying  heavy  loads  was  demonstrated  in  a  number  of 
places  where  the  tile  floors  had  been  broken  by  the  fall  of  s^fes. 
The  lower  webs  of  the  floor  tiles  had  failed  over  extensive  areas. 
The  stairways,  witli  their  cast-iron  horses  and  slate  treads,  were  net 
damaged  to  any  great  extent.  The  floors  were  topped  with  cinder 
concrete  and  covered  with  wood  in  the  offices  and  with  mosaic  in 
the  corridors. 

EMPORIUM 

In  the  building  known  as  the  ''Emporium,"  825-855  Market 
street,  west  of  the  Academy  of  Sciences,  the  first  two  stories  were 
fireproofed  with  terra  cotta.  Slow-burning  wooden  construction 
was  used  above  the  second  floor.  As  shown  in  PI.  XXXII,  very 
little  of  this  structure  save  the  exterior  walls  was  left  standing. 
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FAIRMOUNT   HOTEL. 

The  six-story  Fairmount  Hotel,  California,  Mason,  Powell,  and 
Sacramento  streets,  was  nearly  completed,  and  the  only  combustible 
in  it  was  the  lumber  used  in  construction.  It  consisted  of  a  steel 
skeleton  with  floors  of  cinder  concrete  reenforced  with  expanded 
metal.  The  walls  were  self-supporting  and  were  constructed  of 
granite  backed  with  brick  up  to  the  third  floor  and  of  liglit-colored 
terra  cotta  in  the  upper  stories.  The  ceilings  were  of  the  susi)ended 
type  plastered  on  metal  lath.  The  original  plans  called  for  the 
columns  to  be  fireproofed  with  concrete,  but  because  of  the  gi'cater 
expense  of  this  material  the  plans  were  changed  and  the  expanded 
metal  and  plaster  partitions  were  molded  around  these  columns.  The 
result  was  that  even  under  the  moderate  heat  to  which  the  building 
was  subjected  about  40  of  the  columns  buc^kled,  including  2*^  on  the 
third  floor  alone  (PI.  XXXIV),  and  the  partitions  were  completely 
wrecked.  The  effect  of  the  earthquake  shock  was  principally  (!on- 
fined  to  the  west  end  of  the  north  front.  The  terra  cotta  was  spalled 
considerably  and  the  gi'anite  only  slightly  by  fire.  The  exterior  dam- 
age was  not  very  great. 

JAMES    FLOOD   BUILDING. 

The  steel-frame  twelve-story  James  Flood  Building,  on  the  north- 
east corner  of  Powell  and  Market  streets,  was  constructed  with  seg- 
mental hollow-tile  floor  arches  topped  with  cinder  concrete  and  sus- 
pended ceilings  plastered  on  metal  lath.  The  cohunus  were  con- 
structed of  Z  bars  and  were  filled  with  common  brick  to  the  outer 
edge  of  the  section  and  the  whole  inclosed  with  l^incli  hollow  tile. 
This  tile  failed  (PI.  XXXV^,  A),  although  the  fire  could  not  have 
been  very  severe,  for  the  wooden  floor  in  the  offices  was  only  partly 
burned  and  there  were  a  number  of  wardrobes  and  switch  boxes  of 
wood,  besides  the  door  and  window  frames  and  wainscoting,  which 
were  not  burned.  The  stairways,  which  had  cast-iron  horses  and 
marble  treads,  were  in  fair  condition.  The  corridors  were  tiled  with 
marble.  The  stonework  was  very  slightly  spalled  by  lire,  and  the 
principal  damage  by  earth(juake  was  a  cracking  of  the  sandstone  at 
several  of  the  entrances  (PI.  XXXIII,  B). 

GRANT   lU'ILOIXG. 

The  lower  floor  of  the  Grant  Building,  at  the  southeast  corner  of 
Seventh  and  Market  streets,  was  used  for  a  bank,  the  upper  floors  for 
offices.  It  was  eight  stories  high  and  had  a  steel  frame  with  cinder- 
concrete  floors,  the  beams  and  girders  being  of  solid  concrete.  The 
first  story  had  self-supporting  walls  of  sandstone,  and  the  remaining 
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stories  walls  of  pressed  terra-cotta  brick,  trimmed  with  sandstone. 
Hollow  tile  was  used  to  fireproof  the  columns  and  for  the  partitions. 
The  cast-iron  stairways  with  marble  treads  were  damaged  but 
slightly.  The  hollow-tile  partitions  were  badly  wrecked,  most  of 
them  being  thrown  down.  The  building  was  injured  considerably 
by  dynamiting,  which  partly  disguised  the  damage  caused  by  the 
earthquake. 

HOTEL   HAMILTON. 

The  twelve-story  apartment  house  known  as  the  Hotel  Hamilton,  on 
the  north  side  of  Ellis  street  between  Mason  and  Powell  streets,  was 
a  steel-skeleton  structure  with  floors  of  reenforced  concrete  and  gird- 
ers and  beams  of  solid  concrete.  Plastered  wire  lath  served  as  a 
fireproofing  for  the  columns,  and  the  suspended  ceilings  were  of  the 
same  material.  This  construction  may  be  seen  in  PI.  XXXVI,  B, 
Four-inch  hollow  tile  was  used  in  the  partitions. 

The  marble  treads  of  the  cast-iron  stairway  were  to  a  large  extent 
calcined.  A  number  of  the  columns  buckled  on  the  first,  sixth,  and 
seventh  floors,  the  wire  lath  being  entirely  insufficient.  This  buckling 
caused  the  floors  throughout  the  building  to  settle.  The  damage  by 
earthquake  to  the  curtain  walls  was  slight.  The  sandstone  finish  of 
the  first  four  floors  spalled  but  little  from  the  heat;  the  terra  cotta 
above,  however,  was  considerably  spalled. 

HIBERNIA    SAVINGS    AND    LOAN    SOCIETY'S    BUILDING. 

The  two-story  bank  building  of  tlie  Hibernia  Savings  and  Loan 
Society,  on  the  northwest  corner  of  McAllister  and  Jones  streets  (PL 
XXXVII,  A)^  was  constructed  with  two  street  fronts  of  granite  and 
rear  walls  of  brick.  The  gallery  and  a  jjortion  of  tlie  second  floor 
were  constructed  of  brick  and  concrete  arches.  The  ceilings  and. 
ornamental  work  were  plastered  wire  latli.  The  dome  was  sheathed 
with  copper.  The  granite  fronts,  especially  around  the  doors  and 
windows,  were  badly  spalled  by  fire;  other  damage  to  the  structure 
was  confined  almost  entirelv  to  the  roof. 

HOB  ART    BUILDING. 

The  five-story  Hobart  Building,  on  the  north  side  of  Market  street 
near  Post  street,  had  bearing  walls  of  brick  faced  with  granite  up  to 
the  second  storv  and  of  brick  trimmed  with  terra  cotta  for  the  remain- 
ing  stories.  The  framework  consisted  of  cast-iron  columns  with  steel 
girders  and  beams;  the  floors  of  segmental  arches  of  plain  concrete. 
The  cast-iron  columns  were  firei)roofed  with  brick  in  the  basement, 
and  with  wire  lath  and  plaster  on  the  first  floor.  The  ])artitions  were 
of  4-inch  hollow  tile,  llie  ceilings  were  plastered  wire  lath  attached 
to  the  lower  flanges  of  the  beams. 
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The  granite  columns  were  spalled  practically  to  destruction  by  fire, 
as  shown  in  PI.  XXXVI,  /I.  The  fire  in  one  section  appeared  to  be 
very  hot  and  caused  a  collapse  of  one  of  the  floors,  which  was  followed 
by  the  failure  of  the  other  floors  of  that  section  of  the  building. 

JACKSON    BREWING  COMPANY'S    BUILDING. 

The  plant  of  the  Jackson  Brewing  Company,  on  the  southeast 
corner  of  Eleventh  and  Folsom  streets  (PI.  XXXVII,  5),  was  in 
process  of  construction  and  was  wrecked  by  the  earthquake,  the 
damage  by  fire  being  but  slight.  The  brick  walls  were  laid  in^lime 
mortar  of  poor  quality.  The  steel  beams  and  girders  were  supported 
by  cast-iron  columns.  Many  of  the  various  steel  members  were 
bolted  together  with  an  insufficient  number  of  bolts,  the  girders 
and  beams  resting  upon  the  walls  without  any  tie;  the  columns, 
girdei*s,  and  beams  were  not  fireproofed,  and  in  the  eastern  half  the 
concrete  floor  slabs,  G  inches  thick,  were  without  reenforcement.  Sev- 
eral persons  were  killed  by  the  collapse  of  the  tower.  That  this  build- 
ing should  have  been  wrecked  is  not  surprising,  as  the  design  was  bad 
and  the  material  and  workmanship  were  very  poor. 

HALL   OF    JUSTICE. 

A  steel  frame  and  floors  of  cinder  concrete  reenforced  with  ex- 
panded metal  were  used  in  the  Hall  of  Justice,  at  the  corner  of 
Kearney  and  Washington  streets.  The  earthquake  largely  wrecked 
this  building  (PI.  XXXIX,  A).  The  cupola  of  light  steel  angles 
collapsed  from  the  heat  after  being  racked  by  the  earthquake.  The 
walls  were  laid  in  lime  mortar,  and  the  floor  panels  were  stifTened, 
as  in  the  ^Etna  Building,  with  5  by  i  inch  steel  bands.  T\u\  floors 
were  wood  covered  and  were  burned.  The  suspended  ceilings  were 
of  plastered  expanded  metal  lath,  the  partitions  of  3-inch  expanded 
metal,  plastered,  while  the  columns  had  a  double  layer  of  plastered 
expanded  metal  with  a  IJ-inch  dead  air  space  between.  The  sus- 
pended ceilings  failed,  as  shown  in  PI.  XXXV,  //,  a  view  taken  on 
the  second  floor.  One  of  the  central  basement  columns  buckled 
and  collapsed  18  inches,  presenting  the  appearance  of  having  punched 
a  hole  in  the  floor.  Two  of  the  six-cell  prison  cages  fell  through 
the  floors  into  the  basement.  The  cast-iron  stairways  with  nuirble 
treads  are  in  fair  shape. 

KAMM    BUILDING. 

The  seven-story  L-shaped  Kamm  Building,  on  Market  street,  west  of 
the  Call  Building  and  adjacent  to  it  on  two  sides,  had  a  steel  skeleton 
and  self-supporting  sandstone  walls.  The  floors  were  of  reenforced 
stone  concrete,  covered  with  wood,  with  hollow  partitions  and  sus- 
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pended  ceilings  of  plastered  wire  lath,  the  steel  columns,  beams,  and 
girders  being  also  fireproofed  with  plastered  wire  lath. 

The  rear  structure  collapsed  when  a  number  of  columns  in  the  base- 
ment buckled  under  the  intense  heat  produced  by  the  burning  wall 
paper,  of  which  there  was  a  large  quantity  stored  in  the  basement. 

KOHL    (hAYWARd)    BUILDING. 

The  Kohl  Building,  on  the  northeast  corner  of  California  and  Mont- 
gomery streets,  which  presented  a  number  of  interesting  features,  is 
of  a  jnodern  type  of  steel-skeleton  construction,  11  stories  in  height. 
The  floors  were  of  concrete,  reenforced  with  expanded  metal,  and  the 
columns  were  incased  with  expanded  metal,  plastered.  The  partitions 
were  made  of  hollow  tile,  with  metal-covered  frames,  doors,  and 
windows.     The  suspended  ceilings  were  of  plastered  expanded  metal. 

The  earthquake  did  but  little  damage,  breaking  a  few  panes  of  glass 
and  loosening  the  marble  wainscoting.  There  were  also  a  few  cracks 
in  the  stone  facing  at  the  southwest  corner  of  the  first  floor.  The 
first,  second,  third,  fourth,  and  part  of  the  seventh  floors  were  burned, 
the  remainder  of  the  building  being  undamaged.  The  structure  was 
surrounded  by  a  series  of  rather  low  buildings,  and  the  fire  was  not 
severe  either  on  the  outside  or  inside.  The  character  of  the  inside 
trim  prevented  to  a  considerable  degree  the  spread  of  the  flames. 
One  defect  in  the  construction  was  in  the  use  of  plate  glass  instead  of 
wire  glass  for  the  doors  and  windows. 

MAJESTIC    THEATER. 

The  Majestic  Theater,  at  the  corner  of  Ninth  and  Market  streets 
(PI.  XXXIX,  B)^  although  one  of  the  largest  and  best  of  the  San 
Francisco  theaters,  was  particularly  bad  in  design.  The  roof  trusses, 
of  about  80-foot  span  and  perliaps  75  feet  above  the  ground,  w^ere 
carried  on  18-inch  walls  insufficiently  reenforced  by  pilasters. 

The  common  brick  bearing  walls  were  completely  wrecked  by  the 
earthquake.  The  roof  trusses  over  the  stage  collapsed.  The  walls 
still  show  extensive  earthquake  cracks,  as  will  be  seen  from  the  illus- 
tration.    The  building  was  subsequently  gutted  by  fire. 

3IERCANT1LE    TRUST    COMPANY'S    HI  ILDING. 

The  three-story  Mercantile  Trust  Company's  building,  on  Califor- 
nia street  east  of  the  Kohl  Building,  like  most  of  the  low  structures, 
appeared  to  be  immune  from  the  earthquake  and  fire.  The  principal 
damage  was  caused  by  the  falling  walls  of  adjacent  buildings,  which 
smashed  in  the  steel  roof  with  its  heavy  glass  and  started  a  fire  in 
the  interior.  The  granite  facing  around  the  windows  spalled  to  a 
slight  extent,  but  the  building  was  not  badly  damaged. 
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merchants'  exchange  buh^ding. 


The  recently  constructed  modern  office  building  known  as  the 
Merchants'  Exchange,  on  California  street  between  Montgomery  and 
Sansome  streets,  caught  fire  from  the  outside  and  its  contents  were 
destroyed.  The  edifice  was  13  stories  in  height,  with  steel  skeleton, 
fireproofed  with  plastered  wire  lath  and  reen forced-concrete  floors. 
The  floors  of  the  rooms  were  of  wood ;  the  corridors  were  floored  and 
wainscoted  with  marble.  The  fireproofing  of  the  columns  consisted 
of  two  layers  of  quarter-inch  wire  lath  with  a  dead  air  space  between, 
except  those  which  were  bricked  into  the  outside  walls.  The  sus- 
pended ceilings  and  partitions  were  likewise  of  i)lastered  wire  lath, 
and  the  same  material  formed  the  walls  of  the  "  fireproof  "  vaults. 
The  curtain  walls  were  of  brick  on  the  sides  and  rear;  on  the  front 
the  first  two  stories  were  of  granite,  the  remainder  being  pressed 
terra  cotta  with  terra-cotta  trimmings.  The  heat  of  the  fire  was 
sufficient  to  calcine  a  large  portion  of  the  wainscoting  and  the  marble 
treads  of  the  cast-iron  stairways.  Though  not  completely  destroy- 
ing it,  the  fire  burned  the  life  out  of  the  ])laster,  all  of  which  will 
have  to  be  renewed.  The  rear  walls  were  cracked  by  the  earthquake. 
The  enameled  brickwork  of  the  light  well  (PI.  XL,  A)  also  shows 
earthquake  cracks,  and  is  badly  spa  lied  by  the  fire.  The  stonework 
was  slightly  spalled  by  the  heat.  The  metal  frames  between  the 
windows  opening  into  the  court  were  buckled,  the  cinder-concrete 
fireproofing  being  insufficient.  The  terra-cotta  trim  in  the  light  well 
was  also  badly  spalled. 

MILLS  B11ILI)IN(;. 

The  eleven-story  Mills  Building,  at  the  northeast  corner  of  Bush 
and  Montgomery  streets,  had  a  steel  skeleton  with  hollow-tile  fire- 
proofing and  hollow-tile  partitions.  The  floors  were  also  of  hollow 
tile  topped  with  cinder  concrete  and  covered  with  wood  in  the  offices; 
the  tiling  and  wainscoting  of  the  corridors  w(»re  of  marble*. 

The  walls  were  racked  by  the  earthquake.  The  hollow  tile  failed 
and  left  the  steel  skeleton  exposed  to  the  fire.  Just  how  seriously 
it  was  damaged  is  problematical:  four  of  the  basemcMit  cohunns 
buckled  (PI.  XL,  B)^  the  lower  webs  of  the  Hooi*  tiles  failed  over 
large  areas  (PL  XLV,  /y),  and  the  partitions  and  the  marble  treads 
of  the  cast-iron  stairwavs  were  destroved.  In  the  liijht  well  the 
window  casings  were  distorted  by  heat  because  of  insulRcient  fire- 
proofing, and  the  terra  cotta,  granite,  and  exterior  trim  of  the  wall 
were  badly  spalled.  Owing  to  the  failure  of  the  floor  tile  many 
safes  fell  through  the  several  floors.    The  building  should  be  rebuilt. 
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UNITED    STATES    MINT. 

The  massive  three-story  Government  building  occupied  by  the 
United  States  mint,  at  Fifth  and  Mission  streets  (PI.  XXXVIII), 
which  was  not  damaged  to  any  appreciable  extent  by  the  earthquake, 
was  inspected  in  company  with  the  superintendent,  Mr.  Leach.  One 
of  the  interior  walls  was  weakened  by  a  break  in  the  sewer  which  ran 
under  it,  and  one  of  the  chimneys  was  cracked  at  the  top.  This  struc- 
ture, which  is  located  at  the  intersection  of  two  wide  streets,  is  built 
on  soft  alluvium,  but  rests  upon  a  substantial  pile  foundation.  The 
bearing  walls  were  of  solid  brick  faced  with  granite,  the  northwest 
face  of  which  was  badly  spalled  by  fire  (PI.  XXXVIII,  B).  Tlie 
floors  consisted  of  brick  arches  between  steel  beams,  finished  in  cement. 
They  were  supported  by  cast-iron  columns,  which  w^ere  unprotected 
except  where  they  were  incased  by  the  heavy  brick  wall  partitions. 
The  doors  and  windows  were  of  wood  glazed  with  plate  glass,  the 
windows  on  the  first  and  second  floors  being  fitted  with  folding  inside 
iron  shutters.  The  roof  and  northwest  side  of  the  third  story  caught 
fire  from  without,  but  as  an  artesian  well  provided  an  independent 
supply  of  water  the  fire  was  prevented  from  gaining  a  foothold,  and 
the  building  was  but  slightly  damaged. 

MONADNOCK   BUILDING. 

The  ten-story  Monadnock  office  building,  on  the  south  side  of 
Market  street  between  the  Palace  Hotel  and  the  Call  Building,  was 
in  i)rocess  of  construction  and  was  damaged  by  the  earthquake  and 
by  dynamiting  in  the  vicinity,  besides  being  gutted  by  fire. 

The  west  wall  was  not  erected,  as  that  section  was  incomplete,  pend- 
ing the  satisfactory  purchase  of  the  land.  The  structure  had  a  steel 
skeleton  frame,  reen forced-concrete  floors,  with  a  ceiling  of  plastered 
exj)anded  metal.  The  columns  were  incased  with  two  layers  of  plas- 
tered expanded  metal,  with  a  dead  air  space  between  them.  The 
partitions  were  .^  inches  thick,  plastered  on  wire  lath.  The  floors  were 
topj)e(l  with  cinder  concrete  and  covered  with  tile  in  the  corridors 
and  with  wood  in  the  offices.  The  corridors  were  to  have  been  wain- 
scoted with  marble  also.  The  building  was  not  adequately  braced 
diagonally.  Large  areas  of  the  exterior  were  damaged  and  will 
have  to  come  down.  Two  unprotected  columns  in  the  basement  col- 
lapsed, settling  the  floors  for  7  inches.  The  building  is  to  l)e  repaired 
by  jacking  up  the  floors  and  rephicing  the  Imckled  columns.  AAliat 
effect  this  will  have  on  the  reenforced-concrete  floors  is  problematical. 
Certainly  their  factor  of  safety  is  reduced,  and  in  tlie  judgment  of 
the  writer  the  buildinof  is  materinllv  weakened,  for  tlie  reason  that 
the  buckling  of  the  columns,  which  resulted  in  the  settling  of  the 
floor,  cracked  the  floor  beams  at  their  points  of  connection  with  the 
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columns.  While  the  jacking  up  closes  the  cracks,  it  can  not  restore 
the  original  strength  of  the  connection,  which  although  not  entirely 
gone  has  been  reduced  to  a  very  small  percentage  of  its  former  value. 

MURPHY   BUILDING. 

The  columns  of  the  five-story  Murphy  Building,  at  the  corner  of 
Kearney  and  California  streets,  were  constructed  of  corner  angles 
latticed  and  filled  with  cinder  concrete,  the  whole  being  incased  with 
plastered  metal  lath,  with  a  dead  air  space  between.  The  floors 
consisted  of  cinder-concrete  arches  between  channels. 

This  building  was  completely  gutted  by  the  fire,  although  the 
structure  itself  was  left  in  fair  condition.  The  metal-lath  ceilings 
and  partitions  stood  the  test  fairly  well,  though  some  of  the  parti- 
tions were  buckled  out  of  shape.  A  view  of  this  damage  on  the  third 
floor  is  shown  in  PI.  XLI,  B,  The  terra-cotta  trimmings  and  the 
copper  work  around  the  bay  windows  were  badly  damaged  by  tire. 

MUTUAL    LIFE   BUILDING. 

The  nine-story  Mutual  Life  Building,  at  the  southeast  corner  of 
Sansome  and  California  streets,  was  tireproofed  throughout  with 
terra-cotta  hollow  tile,  with  hollow-tile  partitions.  The  treads  of 
the  cast-iron  stairways  and  the  wainscoting  and  tile  of  the  corridors 
were  of  marble.  The  office  floors  were  constructed  of  cinder  con- 
crete covered  with  wood. 

The  damage  to  this  building  from  the  earthquake  was  very  slight. 
The  fire  in  the  building,  while  not  severe,  was  sufficient  to  cause  the 
failure  of  the  tile  fireproofing  of  the  roof  trusses,  which  collapsed 
from  exposure  to  heat  (PI.  XLII,  A), 

PACIFIC    STATES    TELEPHONE    AND    TELECJRAPII    (OMPANY's    BUILDING. 

The  recently  completed  eight-story  building  of  the  Pacific  States 
Telephone  and  Telegraph  Company,  on  Bush  street  between  Grant 
and  Kearney  streets  (PI.  XLI,  .1),  embodied  many  good  and  a  few 
bad  features  of  construction.  The  side  and  rear  walls  were  of  brick, 
and  the  front  was  of  terra-cotta  pressed  brick  and  terra-cotta  trim- 
mings. All  the  walls  were  self-supporting.  The  floors  were  of  reen- 
forced  concrete  between  steel  Ix^ams,  and  the  ceilings  for  all  floors 
above  the  basement  were  suspended  metal  lath,  plastered. 

The  walls  were  cracked  somewhat  by  the  earthcjfiiake,  and  the 
pilasters  on  the  exterior  were  spalled.  The  girders  and  columns 
supporting  the  floors  were  tireproofed  with  concrete  and  were  in 
excellent  shape  after  the  tire.  The  window  ])rotection  was  excel- 
lent; the  front  was  provided  with  Kinnear  rolling  shutters,  with 
plate-glass  metal-covered   windows,   while   the   side   windows  had 


44  THE    SAN    FRANCISCO   EARTHQUAKE   AND   FIRE. 

metal-covered  sash  and  frames,  with  wire  glass,  and  tin-covered 
sliding  shutters.  The  earthquake  racked  the  front  sufficiently  to 
prevent  the  shutters  from  working.  The  heat  produced  by  the  burn- 
ing insulated  wire  and  other  supplies  was  high  and  protracted.  The 
reenforced-concrete  beams  of  the  roof  were  weakened  by  heat  and 
will  have  to  be  replaced.  The  concrete  in  general,  however,  stood 
this  trial  exceedingly  well  in  view  of  the  protracted  high  tempera- 
ture. The  fire  caught  through  an  unprotected  rear  door  in  the  south- 
west corner,  and  the  break  in  the  roof  made  possible  a  very  hot  fire, 
which  melted  glass  and  even  welded  nails.  The  concrete  floors  and 
the  column  protection  were  not  damaged  in  the  slightest.  If  the 
methods  of  fire  protection  had  been  consistent  throughout,  it  is  prob- 
able that  this  building  would  have  escaped  without  damage. 

POST-OFFICE   BUILDING. 

The  writer  made  a  thorough  examination  of  the  post-office  build- 
ing, on  Mission  street  between  Sixth  and  Seventh  streets,  in  company 
with  J.  W.  Roberts,  superintendent  of  construction,  of  the  Supervis- 
ing Architect's  Office.  This  three-story  structure  rested  on  a  founda- 
tion consisting  of  steel  beams  incased  in  concrete,  carried  through  the 
soft'  alluvium  to  a  hard  gravel,  the  depth  varying  from  30  feet  at 
Seventh  and  Mission  streets  to  12  and  14  feet  at  the  opposite  corner. 
The  building  had  a  steel  frame,  expanded-metal  and  concrete  floors, 
and  plastered  expanded-metal  suspended  ceilings.  All  partitions  or 
interior  walls  were  of  terni-cotta  hollow  tile,  laid  with  full  joints  of 
Portland-cement  mortar,  the  terra-cotta  work  being  first  class  in  every 
particular.  The  corridors  were  tiled  and  wainscoted  with  marble. 
Tlie  exterior  walls  were  of  gi^anite  and  were  thoroughly  anchored, 
each  stone  being  fastened  to  the  steel  work  and  doweled  and  pinned 
to  the  adjacent  stones.  The  outer  facing  of  granite  is  carried  on  the 
steel  work  and  is  not  backed  with  brick,  there  being  an  inner  wall  of 
terra  cotta,  with  a  dead  air  space  between,  which  serves  as  a  passage- 
way for  pipes,  flues,  etc. 

The  ground  at  the  corner  of  Seventh  and  Mission  streets  settled 
about  5  feet  (PI.  XLIII,  B).  The  floor  of  the  building  was  slightly 
cracked  at  that  point,  and  Mr.  Roberts  stated  that  there  was  a  set- 
tling of  about  1-^  inches.  The  outer  walls  were  considerably  racked 
(Pis.  XLIII,  .1;  XLIV)  by  the  earthquake,  many  stones  having 
been  shaken  entirely  loose  from  the  steel  work  in  some  places,  while 
in  others  a  number  of  stones  were  started  from  their  beds,  and  the 
anchorage  was  broken.  There  were  also  many  cracks,  especially  in 
some  of  the  exterior  pilasters,  which  were  formed  of  two  steel  col- 
umns, 12  feet  apart,  without  diagonal  bracing,  the  hollow  space  being 
used  for  heating  and  ventilating  apj^aratus.  These  pilasters  were 
badly  racked. 
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The  worst  damage  appeared  to  be  in  the  interior  walls  of  hollow 
tile,  which  were  very  extensively  cracked,  especially  on  the  first 
and  second  floors.  The  plaster  finish  on  the  hollow-tile  partitions 
strengthened  them  very  considerably.  One  portion  of  the  mosaic 
ceilings  of  the  corridors  on  tlie  main  floor  was  laid  in  Portland- 
cement  mortar  on  a  flat  tiled  arch  and  was  badly  cracked ;  another 
portion,  laid  in  Portland  cement  against  wire  lath  plastered,  was 
undamaged.  In  the  mail-handling  room  the  end  wall  was  moved 
out  of  plumb  by  the  earthquake,  and  the  enameled-brick  covering  of 
st»veral  columns  was  shaken  off.  The  only  damage  done  by  fire  was  in 
the  district-court  room,  in  the  north  corner  of  the  third  floor,  which 
caught  from  without  and  was  burned  out,  together  with  tt\o  axljacent 
rooms  on  the  northwest  front.  On  the  northeast  end  of  the  first  floor 
the  exterior  stonework  was  also  spalled  by  fire. 

A  very  considerable  amount  of  damage  was  done  by  the  dynamiting 
of  near-by  buildings,  which  was  so  severe  as  to  smash  the  glass  and 
blow  out  the  window  and  door  frames.  In  many  places  the  mar))le 
wainscoting  on  the  opposite  side  of  the  corridor  was  shaken  loose. 
Probably  20  per  cent  of  the  injury  done  to  t|ie  building  is  in  the 
glass,  marble,  and  finish.  The  building  is  substantial,  and  the  mate- 
rials and  workmanship  are  first  class. 

RTALTO  BUILDING. 

The  eight-story  Bialto  Building,  at  the  southwest  corner  of  Mis- 
sion and  New  Montgomery  streets,  had  a  steel  frame  and  reenforced 
cinder-concrete  floors.  The  partitions  were  of  hollow  tile  and  the 
ceilings  of  suspended  expanded  metal,  plastered.  The  colunms  were 
fireproofed  with  two  layers  of  plastered  ex])anded  metal  for  all  floors 
except  the  basement,  where  only  one  layer  was  used.  The  corridors 
had  mosaic  floors,  and  the  stairways  were  of  cast  iron  with  marble 
treads. 

The  building  was  considerably  racked  by  the  earthquake  and  was 
further  damaged  by  fire  and  dynamiting  (PL  XLVIII,  B),  The 
fire  was  only  moderately  hot,  but  was  sufficient  to  destroy  the  fire- 
proofing  of  two  columns  in  the  northeast  corner  of  the  basc^nient,  so 
that  they  failed  by  buckling  (PL  XLVIII,  .1),  causing  extensive 
wrecking  of  the  upper  floors.  The  failure  of  the  column  protection 
was  caused  by  the  expansion  of  a  pipe  inside  of  it.  The  terra  cotta 
around  the  entrance  to  the  building  was  cracked  by  the  earthquake. 

ST.  FRANc:is  iiot?:l. 

The  twelve-story  St.  Francis  Hotel,  in  West  Union  square,  at  the 
comer  of  Geary  and  Powell  streets,  was  of  a  modern  type,  ha^nng  a 
steel  skeleton,  reenforced-concrete  floors,  with  suspended  ceilings  plas- 


46  THE   SAN   FRANCISCO   EARTHQUAKE   AND   flRE. 

tered  on  wire  lath.  The  fireproofing  of  beams  and  girders  in  the 
basement  and  first  floor  was  concrete ;  in  the  upper  floors  it  was  wire 
lath  and  plaster.  The  columns  of  the  first  floor  were  fireproofed  with 
concrete,  those  in  the  basement  with  brick,  and  on  the  upper  floors 
4-inch  hollow  tile  was  used.  On  the  first  floor  the  concrete  was 
omitted  for  18  inches  at  the  top  and  a  cap  of  plaster  of  Paris  used; 
this  was  a  serious  mistake  and  might  have  caused  trouble. 

The  stone  was  slightly  spalled  by  fire  and  on  the  front  was  slightly 
damaged  by  the  earthquake.  The  enameled  bricks  of  the  light  well 
were  badly  spalled  by  heat.  Two  columns  failed  by  buckling.  The 
fire  was  not  severe,  and  the  damage  was  not  very  great. 

SCOTT   BUILDING. 

The  Scott  Building,  on  the  south  side  of  Mission  street  between 
First  and  Fremont  streets,  was  a  four-story  structure  with  a  man- 
sard roof.  Machinery  sales  rooms  occupied  the  two  lower  floors, 
printing  and  lithographing  offices  the  upper.  The  building  was  con- 
structed of  steel  girders  and  beams,  with  reenforced-concrete  floors, 
suspended  ceilings  Mastered  on  metal  lath,  and  unprotected  cast- 
iron  columns.  The  curtain  walls  were  carried  on  steel  work  which 
was  unprotected  over  the  windows. 

The  mansard  roof  and  the  upper  part  of  the  walls  were  destroyed 
by  the  earthquake.  The  western  section  was  wrecked  by  dynamite. 
The  ceilings  failed,  and  the  stonework  spalled  slightly.  The  fire 
was  not  severe,  to  judge  from  the  appearance  of  the  undamaged 
naked  cast-iron  columns. 

SECURITY   SAVINGS   BANK. 

The  Security  Savings  Bank,  a  two-story  building  on  Montgomery 
street  between  California  and  Pine  streets,  received  its  principal 
damage  from  the  falling  walls  of  an  adjacent  building.  The  granite 
and  marble  front  was  slightly  spalled  by  the  earthquake. 

SIIREVE   BUILDING. 

The  eleven-story  Shreve  office  building,  at  the  northwest  corner  of 
Post  and  Grant  streets,  was  constructed  with  steel  frame,  reenforced- 
concrete  floors,  and  suspended  ceilings  plastered  on  metal  lath.  The 
colinnns  above  the  second  floor  were  fireproofed  with  3-inch  hollow 
tile;  those  below  with  concrete.  This  latter  i)rotcction,  as  well  as  the 
concrete  floors,  is  in  first-class  condition.  The  difference  in  efficiency 
between  the  concrete  and  hollow-tile  protection  for  columns  is  clearly 
demonstrated,  the  former  being  in  excellent  shape,  whereas  the  latter 
failed,  resulting  in  a  number  of  buckled  columns. 
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SliOANE   BUILDING. 

The  seven-story  Sloane  Building,  on  Post  street  between  Grant  and 
Kearney  streets,  had  bearing  walls  of  terra  cotta,  brick  and  terra- 
cotta trimmings,  and  a  framework  of  cast-iron  columns  and  steel 
beams  and  girders.  The  partitions  and  fireproofing  were  of  ex- 
panded metal,  plastered,  and  the  floors  were  of  concrete,  reenforced 
with  expanded  metal.  All  columns  except  those  in  the  basement 
were  fireproofed  with  expanded  metal,  plastered. 

There  is  every  indication  of  a  very  hot  fire  in  the  basement,  which 
buckled  several  of  these  unprotected  columns,  causing  a  collapse  in 
the  central  portion  of  the  building  (PL  XLIX,  A). 

SPRING   VALLEY    WATER   COMPANY'S   BUILDING. 

The  City  of  Paris  Dry  Goods  Company  occupied  the  two  lower 
floors  of  the  Spring  Valley  Water  Company's  building,  at  the  south- 
east corner  of  Geary  and  Stockton  streets,  the  remaining  four  stories 
being  used  for  office  purposes.  The  building,  a  general  rear  view  of 
which  is  shown  in  PI.  L,^4,had  a  steel  skeleton,  the  partitions,  column 
protection,  and  floor  arches,  the  lower  web  of  which  spalled  off  exten- 
sively, being  of  hollow  tile.  The  floor  arches  were  topped  with  cinder 
concrete  and  covered  with  wood.  The  columns  in  the  southeast  corner 
of  the  basement  buckled,  and  the  upper  stories  collapsed.  The  hollow- 
tile  partitions  were  in  bad  condition,  and  the  2-inch  tile  on  col- 
umns failed  generally.  Where  the  tile  ceilings  were  unprotected 
the  w^ebs  spalled  extensively;  where  there  was  a  suspended  ceiling 
remaining  in  position  the  tiles  were  in  fair  condition.  The  cast-iron 
stairways  with  marble  treads  were  also  damaged.  There  were  a  few 
slight  earthquake  cracks  along  the  Stockton  street  side,  and  the  south 
wall  had  a  vertical  crack. 

UNITED    STATES    SUBTREASURY. 

The  four-story  brick  subtreasury  building,  on  Montgomery  street 
between  Commercial  and  Clay  streets,  had  rolling  shutters  on  the 
lower  front  windows  and  a  combination  of  wood  and  concrete  floors. 
The  wood  burned,  causing  the  colhipso  of  (hat  portion  of  the  build- 
ing. The  remainder  of  the  concrete-floor  i)()rtion  seemed  to  be  in  fair 
condition. 

UNION   TRUST  COMPANv's   BUILDING. 

The  Union  Trust  Company's  ten-story  office  building,  on  the  cor- 
ner of  Market  and  Montgomery  streets,  was  constructed  with  a  steel 
frame.    The  front  walls  of  the  first  two  stories  were  granite;  the 


48  THE   SAN   FRANCISCO   EARTHQUAKE   AND   FIRE. 

remaining  walls  were  of  pressed  terra-cotta  brick,  with  terra-cotta 
trimmings.  The  floors  and  partitions  were  of  hollow  tile,  and  the 
girders,  beams,  and  columns  were  fireproofed  with  the  same  material. 
The  floors  were  topped  with  cinder  concrete  covered  with  wood, 
except  in  the  corridors,  where  cement  finish  was  used.  The  cast-iron 
stairways  had  marble  treads.  The  granite  walls  were  spalled 
around  the  openings  by  fire.  The  hollows-tile  partitions  failed  ex- 
tensively, and  the  lower  web  of  the  floor  tile  spalled  over  large 
areas.  The  fire  was  not  intense,  and  the  steel  appeared  to  be  in 
fair  condition  except  on  the  ninth  and  tenth  floors.  The  extent  of 
the  damage  can  be  seen  in  PL  L,  B^  a  view  on  the  ninth  floor. 
The  steel  trusses  on  the  tenth  floor  were  very  much  distorted  by  heat, 
owing  to  the  failure  of  the  hollow-tile  fireproofing. 

VOLKMAN  BUILDING. 

The  lower  floor  of  the  Volkman  Building,  on  the  north  side  of 
Jackson  street  between  Montgomery  and  Sansome  streets,  opposite 
the  unburned  block  near  the  appraisers'  building,  was  occupied 
by  a  branch  of  the  post-office.  The  structure  was  surrounded  on 
the  sides  and  rear  by  completely  gutted  buildings,  and  its  es- 
cape was  probably  due  to  its  protected  openings.  The  windows 
were  glazed  with  wire  glass  and  the  sash  and  frames  were  metal 
covered.  The  rear  doors  were  equipped  with  Kinnear  rolling  shut- 
ters. A  few  windows  were  so  badly  damaged  that  they  will  have  to 
be  replaced,  but  the  building  was  only  slightly  injured,  for  the  fire 
did  not  gain  a  foothold. 

WFJXa-FARGO   BUILDING. 

The  six-story  Wells-Fargo  Building,  on  the  northeast  comer  of 
Mission  and  Second  streets,  is  devoted  exclusively  to  Wells,  Fargo 
&  Co.'s  express  business.  It  has  a  steel  skeleton,  self-supporting 
walls,  and  reen forced-concrete  floors.  The  ceilings  are  of  plastered 
wire  lath,  as  are  also  the  hollow  partitions  and  the  fireproofing  on 
the  columns.  The  outside  walls  are  of  granite  for  the  first  two 
stories  and  j^ressed  brick  and  terra  cotta  for  the  remaining  stories. 
The  openings  into  the  air  and  light  well  were  of  metal  frame,  glazed 
with  wire  glass. 

This  building  shows,  especially  in  the  Mission  street  front,  the 
racking  effect  of  the  earthquake.  The  marble  treads  of  the  cast- 
iron  stairways  were  considerably  damaged  by  the  fire,  and  the  marble 
wainscoting  of  the  corridors  was  thrown  down  by  the  earthquake. 
The  window  frames  in  the  light  well  (PI.  XLIX,  B)  w^ere  warped 
by  the  fire,  which  also  spalled  the  terra-cotta  trim. 
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ASPECTS   OF   THE   FIRE   DISASTER. 

The  San  Francisco  fire,  which  lasted  three  days,  was  one  of  the 
greatest  conflagrations  of  recent  times.  The  loss  by  fire  was  greater 
than  it  should  have  been,  by  reason  of  the  failure  of  the  cast-iron 
water  mains  in  the  city ;  although  the  loss  must  necessarily  have  been 
great  because  of  the  character  of  the  buildings,  90  per  cent  of  which 
were  frame.  This  disaster  demonstrated  that  the  lessons  from  the 
Chicago  and  Baltimore  fires  are  still  unlearned.  The  same  faults  in 
construction  continue  to  b6  repeated.  The  only  sure  way  to  remedy 
grave  defects  of  ^his  character  is  to  enact  strict  building  laws  which 
will  compel  an  observance  of  the  essentials  for  fireproof  structures. 

The  conditions  at  San  Francisco  were  unusual,  and  even  had  not 
the  water  supply  failed  it  is  doubtful  whether  they  could  have  been 
controlled,  for  the  reason  that  it  would  have  been  impossible  for  the 
fire  department  to  handle  efficiently  so  many  fires  at  a  time,  especially 
as  there  were  so  many  nonfireproof  structures.  Large  conflagi-ations 
demonstrate  that  there  is  no  such  thing  as  a  fireproof  building.  To 
label  one  as  such  is  bad  practice,  since  it  gives  a  false  sense  of 
security  and  induces  a  relaxing  of  necessary  precautions. 

FIRE   HISTORY   AND   RECOMMENDATIONS    OF   INSURANCE   BOARDS. 

It  is  claimed  that  the  recorded  destruction  by  fires  in  San  Fran- 
cisco up  to  1899  was  excessive,  showing  an  average  loss  between  two 
and  three  times  that  expected  in  cities  having  ordinary  fire  protec- 
tion. In  every  year  since  1800,  except  1003,  although  the  number  of 
fires  increased  materially,  the  average  loss  per  fire  remained  moder- 
ate. In  any  of  these  years  the  number  of  fires  involving  losses  of 
$40,000  or  more  did  not  exceed  two.  In  lOOH  th(»re  wore  ten  large 
fires,  each  involving  a  loss  of  more  than  $40,000,  thus  bringing  the 
total  up  to  a  high  figure;  and  at  each  of  these  fires  the  greater  por- 
tion of  the  loss  was  to  the  contents  rather  than  to  the  buildings. 

In  October,  1905,  a  board  of  fire-insurance  experts  presented  the 
report  of  an  examination  made  imder  the  direction  of  the  National 
Board  of  Fire  Underwriters  on  the  fire-hazard  conditions  of  San 
Francisco.  This  report  is  extremely  interesting  and  shows  clearly 
how  a  body  of  trained  experts  can  accurately  locate  defects  and  ])re- 
dict  the  consequences  likely  to  result  from  them.  The  criticisms  and 
recommendations  embodied  in  the  report  are  particidarly  j^ertinent 
to  San  Francisco;  and  when  the  conditions  prior  to  the  great  fire  are 
considered,  the  conclusion  must  l)e  inevitable  that  no  other  result  of 
these  conditions — a  general  conflagration  which  swept  the  city — 
could  reasonably  have  been  expected.  Attention  was  called  to  the 
following  principal  features  of  construction  affecting  the  fire  hazard 
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in  the  business  district:  (1)  Bad  exposures  and  unprotected  open- 
ings; (2)  poor  construction;  (3)  an  absence  of  sprinklers  or  of  any 
of  the  modern  protective  devices;  and  (4)  excessive  height  in  non- 
fireproof  structures.  It  is  stated  that  in  the  congested  district  about 
2.2  per  cent  were  fireproof,  68.3  per  cent  were  wooden  joisted  brick, 
and  29.5  per  cent  were  frame  buildings.  A  very  bad  feature  lay  in 
the  fact  that  a  large  number  of  so-called  "  fireproofs  "  were  sur- 
rounded by  nonfireproofs.  The  mixture  of  dwellings  and  minor 
mercantile  buildings  surrounding  the  congested-value  district  also 
greatly  increased  the  hazard. 

The  board  recommended  the  municipal  ownership  of  the  water  sup- 
ply. They  considered  the  present  supply  ample  in  amount  for  the 
existing  requirements,  but  subject  to  a  decided  probability  of  local 
failure  in  emergencies,  owing  to  faults  in  the  distribution  system. 
They  deemed  it  very  desirable  to  increase  the  capacity  of  the  existing 
system  and  to  install  at  the  earliest  possible  date  a  separate  fire-main 
system,  and  recommended  that  all  dead  ends  of  pipe  mains  be  con- 
nected with  the  network  wherever  practicable.  They  advised  that 
the  system  of  distribution  be  equipped  with  a  sufficient  number  of 
gate  valves,  so  located  that  no  single  case  of  accident,  breakage,  or 
repair  to  the  pipe  system  would  necessitate  the  shutting  from  service 
of  a  length  of  main  greater  than  the  side  of  a  single  block  (a  maxi- 
mum of  500  feet)  in  important  mercantile  manufacturing  districts, 
or  than  two  sides  of  a  single  block  (a  maximum  of  800  feet)  in  other 
districts. 

The  building  code  was  found  to  be  satisfactory  on  the  whole,  but 
the  board  recommended  that  it  be  so  amended  as  to  limit  floor  areas, 
provide  for  the  protection  of  exposed  openings  in  fireproof  build- 
ings, and  encourage  the  use  of  modern  i:)rotective  devices  and  construc- 
tions, such  as  sprinkler  equipments,  automatic  fire  doors,  wire  glass, 
etc.  They  recommended  that  prompt  measures  be  taken  to  relieve 
the  hazardous  conditions  in  narrow  streets  by  widening  tlie  streets 
or  enforcing  adequate  window  protection,  or  both,  and  advised  that 
automatic  sprinkler  equipments  be  required  in  all  buildings  which  by 
reason  of  their  size,  construction,  or  occupancy,  singly  or  combined, 
might  act  as  conflagration  breeders.  The  j^otential  hazard  was  con- 
sidered very  severe,  in  view  of  the  exceptionally  large  areas  and 
great  heights  of  many  buildings  and  of  their  highly  combustible 
nature  by  reason  of  sheathed  walls  and  ceilings,  numerous  ui'pro- 
tected  openings  and  light  wells,  and  the  general  absence  of  fire 
breaks,  taken  in  conjunction  with  the  presence  of  interposed  frame 
buildings  and  the  comparatively  narrow  streets.  These  numerous 
and  mutually  aggravating  conflagration  breeders,  considered  in  con- 
nection with  the  almost  total  lack  of  sprinklers  and  general  absence 
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of  modem  protective  devices,  and  the  prevailing  high  winds,  made 
the  probability  feature  alarmingly  great. 

They  advised  that  the  inadequate  force  of  four  building  inspectors 
be  at  least  doubled,  and  that  the  building  laws  be  rigidly  and  im- 
partially enforced. 

They  found  the  fire  department  to  be  an  efficient  force,  well  organ- 
ized under  an  exceptionally  competent  chief,  and  though  weak  in 
powerful  engines,  otherwise  fairly  well  equipped,  the  number  of 
engine  companies  being  particularly  large. 

In  their  report  the  board  summarized  the  situation  in  San  Fran- 
cisco as  follows : 

While  two  of  the  five  sections  into  which  the  congested-value  district  is 
divided  involve  only  a  mild  conflagration  hazard  within  their  own  limits,  they 
are  badly  exposed  by  the  others,  in  which  all  the  elements  of  the  conflagration 
hazard  are  present  to  a  marked  degree.  Not  only  is  the  hazard  extreme 
within  the  congested- value  district,  but  it  is  augmented  by  the  presence  of  a 
compact  surrounding,  great-height,  large-area,  frame-residence  district,  itself 
unmanageable  from  a  fire-fighting  stand|)oint  by  reason  of  adverse  conditions 
introduced  by  the  topography.  In  fact,  San  Francisco  has  violated  all  under- 
writing traditions  and  precedents  by  not  burning  up ;  that  it  has  not  done  so  is 
largely  due  to  the  vigilance  of  the  fire  department,  which  can  not  be  relied  upon 
indefinitely  to  stave  off  the  inevitable. 

FIRE-RESISTING  QUALITIES  OF  STRUCTURES  AND  STRUCTURAL 

MATERIALS. 

The  fire  which  has  practically  destroyed  San  Francisco  has  more 
than  fulfilled  this  prophecy.  The  destruction  was  greater  than  in 
the  Baltimore  fire  because  the  fire  was  hotter,  owing,  as  has  been 
pointed  out,  to  the  inflammable  surroundings  and  the  unprotected 
openings,  and  to  the  unchecked  sway  of  the  flames.  The  heat  was 
so  intense  that  sash  weights  and  glass  melted  and  ran  together  freely. 
In  some  places  the  edges  of  broken  cast-iron  columns  softened,  the  tin 
coating  in  piles  of  tinned  plate  volatilized,  even  in  the  middle  of  the 
piles,  and  nails  were  softened  sufficiently  to  weld  together.  (See  also 
PL  LI,  A.)  The  maximum  temperature,  lasting  for  a  few  minutes 
in  each  locality,  was  probably  2,000°  or  2,200°  F.,  while  the  average 
temperature  did  not  exceed  1,500°  F. 

Nearly  all  the  so-called  "  fireproofs  "  were  gutted  and  their  con- 
tents destroyed,  the  fire  damage  done  to  these  buildings  being  fully 
60  per  cent.  The  early  collapse  of  protected  steel  frames  owing  to 
the  failure  of  the  fireproofing  was  of  common  occurrence.  The 
extent  of  the  damage  to  a  building  from  fire  can  be  determined 
only  after  the  debris  and  wreckage  have  been  removed  and  will 
then  be  found  to  be  much  greater  than  w^as  at  first  supposed.  This 
is  particularly  true  of  steel  structures  in  which  the  effect  of  fire  is 
partly  hidden  by  the  debris. 
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Of  perhaps  thirty  fireproofs  of  good  height  with  reenforced- 
concrete  floors,  all  but  two  had  steel  frames.  Steel  beams  and 
columns  were  generally  protected  with  metal  lath  and  plaster,  cinder 
concrete,  or  terra-cotta  tile.  Practically  all  floor  construction  con- 
sisted either  of  hollow  terra-cotta  tile  or  reenforced  concrete.  Ceil- 
ings of  light  angles  and  metal  lath,  plastered,  suspended  from  floors, 
served  as  additional  means  of  fireproofing,  by  keeping  the  fire  from 
coming  into  direct  contact  with  the  flooring  material.  Steel  beams 
in  many  buildings  had  no  protection,  even  where  concrete  filled, 
except  this  subceiling.  The  lower  webs  of  floor  tile  came  off  to  per- 
haps a  greater  extent  than  in  the  Baltimore  fire.  It  is  said  to  be 
impossible  to  procure  a  suitable  hard-wood  sawdust  on  the  Pacific 
coast,  such  as  is  required  in  the  manufacture  of  porous  terra-cotta 
tile.  The  tile  used  is  therefore  denser  and  of  poorer  quality.  The 
behavior  of  reenforced-concrete  floors  was  most  excellent. 

Partition  walls  were  in  a  very  few  buildings  of  brick.  As  a  rule, 
however,  they  were  either  of  3-inch  hollow  terra-cotta  tile  or  metal 
lath,  plastered. 

The  matter  of  column  protection  is  very  important,  as  the  number 
of  failures  in  the  San  Francisco  fire  was  particularly  large,  especially 
in  the  Fairmount  Hotel  (PI.  XXXIV).  Unprotected  cast-iron  col- 
umns failed  as  a  result  of  unequal  expansion  caused  by  the  lugs.  A 
few  light  cast-iron  columns  filled  with  concrete  came  through  without 
damage,  and  at  the  Academy  of  Sciences  (PI.  XXIV,  J.),  as  already 
described,  cast  iron  failed  around  a  concrete  core,  which  carried  the 
load.  Brick-filled  columns  gave  fair  satisfaction,  but  concrete-pro- 
tected columns  afforded  the  best  results.  The  question  of  fireproof- 
ing, however,  is  one  of  degree,  being  dependent  on  the  intensity  and 
duration  of  the  fire.  A  column  may  be  fireproofed  sufficiently  for  an 
office  building,  but  entirely  too  little  for  a  warehouse;  or  a  column 
which  may  be  suitable  for  the  upper  stories  may  fail  in  the  basement, 
as  in  the  Kamm  Building  (p.  40).  Again,  the  practice  of  running 
piping  back  of  the  fireproofing  on  columns,  especially  if  the  fireproof- 
ing is  of  hollow  tile,  is  extremely  bad.  Many  failures  were  caused  by 
the  expansion  of  such  piping  throwing  off  the  terra-cotta  tile.  Con- 
crete is  probably  the  best  fireproofing  material,  because,  as  shown  by 
experience,  its  stiffness  will  enable  it  to  support  not  only  the  steel 
within,  if  the  latter  is  softened  by  the  heat,  but  perhaps  the  structure 
itself.  The  following  types  of  column  protection  were  used  in  San 
Francisco  buildings:  (1)  Plaster  on  wire  lath,  both  single  and  double 
layers,  the  latter  having  a  dead  air  space;  (2)  single  terra-cotta  tile; 
(3)  concrete;   (4)  concrete  covered  with  terra-cotta  tile;   (5)  brick. 

Of  the  fire  loss,  perhaps  75  per  cent  was  in  the  trim  and  ornamental 
work.  Inflammable  woodwork  in  the  corridors,  doors,  and  windows 
proved  a  source  of  great  loss,  and  should  be  eliminated  for  orna- 
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mental  purposes.  The  behavior  of  the  metal-covered  woodwork  in 
the  Kohl  and  other  buildings  was  satisfactory  and  immensely  better 
than  that  of  the  naked  wood.  It  is  certain  that  a  building  may  be 
finished  and  trimmed  and  even  decorated  with  noninflammable  mate- 
rials. Although  the  additional  security  of  such  materials  in  case  of 
fire  does  not  appeal  to  owners  and  architects  as  compensating  for 
their  extra  cost  in  comparison  with  wood  or  other  inflammable  mate- 
rials, the  building  laws  should  nevertheless  compel  this  type  of 
construction. 

The  loss  in  ornamental  stonework  was  particularly  great,  especially 
in  the  case  of  marble,  which  in  many  structures  was  completely 
calcined.  Brickwork  suffered  most  from  the  earthquake  and  least 
from  fire,  and  sandstone  splintered  less  than  granite,  which  suf- 
fered severely,  a  number  of  badly  spalled  columns  showing  how 
futile  this  material  is  for  other  than  ornamental  purposes.  Con- 
crete proved  superior  to  brick  as  a  fireproofing  medium. 

It  is  estimated  that  over  80  per  cent  of  the  so-called  "  fireproof  " 
safes  failed.  Many  valuable  records  and  much  other  property  were 
thereby  destroyed.  An  ordinary  fireproof  safe  was  of  absolutely  no 
value,  and  the  contents  of  nearly  every  one  were  destroyed.  In  many 
office  buildings  so-called  fireproof  vaults  were  constructed  of  hollow 
tile  or  plastered  metal  lath,  being  formed  partly  by  the  partitions 
of  the  rooms,  and  were  so  flimsy  that  they  yielded  readily  to  the 
flames.  In  PI.  LII  can  be  seen  groups  of  so-called  "  fireproof  safes," 
many  with  walls  20  inches  or  more  thick,  which  failed  to  serve  the 
purpose  for  which  they  were  designed.  PI.  LII,  B^  shows  part  of  a 
collection  of  over  50  of  these  "  safes  "  whose  contents  were  destroyed. 
In  a  number  of  jeweler's  safes  silver  and  other  precious  metals  were 
melted.  The  warping  of  the  doors  also  resulted  in  the  loss  of  the 
contents  in  many  vaults,  even  where  they  were  otherwise  well  de- 
signed. In  short,  fireproof  vaults  and  safes  behaved  in  the  San 
Francisco  fire  very  much  as  they  did  in  the  Baltimore  fire.  Little 
progress  seems  to  have  been  made  toward  the  production  of  a  satis- 
factory fireproof  safe.  The  only  really  fireproof  vault  is  one  with 
brick  or  concrete  walls  not  less  than  10  inches  thick.  The  cement- 
filled  metal  safe  proved  to  be  a  very  good  type  of  fireproof.  Even 
in  well-designed  safes  and  vaults,  great  care  must  be  exorcised  in 
opening  them  after  they  have  been  exposed  to  fire.  Time  should  be 
allowed  for  the  temperature  in  the  interior  to  Ix^come  reduced  to 
somewhere  near  the  temperature  of  the  surrounding  air,  as  otherwise 
the  contents  may  be  destroyed  by  spontaneous  combustion  on  exposure 
to  the  air.  PI.  LII,  A^  is  a  view  of  one  of  the  oldest  vaults  in  San 
Francisco,  that  of  the  old  Wells,  Fargo  &  Co.'s  Express,  which  passed 
the  fire  test  satisfactorily. 

The  writer  is  of  the  opinion  that  the  present  connnercial  hollow 
7171— Bull.  324—07 6 
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i(vn\ri}\\i\  tile  is  hirp'ly,  if  not  entirely,  devoid  of  merit  for  fire- 
proofing  pijr))os<>s.  Kv<'n  ^vhen  it  is  of  the  l)est  |2:rade  and  workmaii- 
!-liip  it  <-!in  Imnlly  Im*  considered  a  first-class  building  material.  At 
II  com  para  lively  low  t<MnjMTatnre  the  tiles  fail,  the  thin  webs  spalling 
from  nnc(|nal  exjmnsion.  A  more  porous  tile,  with  thicker  webs 
keyed  together  and  laid  in  Portland-cement  mortar  with  tight  joints, 
would  iiiKinestionahly  1h»  more  suitabU*  for  the  purix)se.  It  may  be 
true  tliat  in  <as(»  of  re|)airs  after  a  fire  damaged  tile  of  the  usual 
<'onnnercial  tvpe  can  readilv  be  detected  and  renewed.  Terra-cotta 
tiling  may,  however,  allow  stiflicient  heat  to  pass  through  it  to  soften 
sliglitly  the  steel  memlHM*  which  it  encast^s  and  still  i^emain  in  posi- 
tion, llius  hiding  the  defed.  Several  examples  of  this  condition  were 
foimd. 

The  advocates  of  terra-cotta  tile  contend  that  concrete  niav  l)e 
.MM'iously  damaged  l>y  ilehydration  without  noticeable  change  in  its 
M|>pearance.  WInle  this  contenti<m  may  In*  justified,  it  should  he 
noted  that  anv  weakness  or  si>ftness  mav  Im?  as  readilv  detected  and 
repainMl  in  concivte  as  in  terra  cotta.  Concrete,  moreover,  has  the 
«\real  advantage*  of  Unng  a  nonconductor  of  heat,  and  so  will  with- 
stand a  pndongtsl  heat  U^foiv  the  damage  extends  to  any  great  depth; 
and  it  usually  ivuuiins  in  pUuv,  uuiintaining  its  protective  qualities. 
The  value  of  a  vinu'tuiv  or  of  a  moiluKl  of  fi reproofing  is  determined 
largely  by  asceriaining  what  {Hirtion  of  the  structure  is  left  avail- 
able for  um»  after  iho  tiiv.  The  word  "  fiivpnK>f  *'  is  of  course  a 
mi viu liner,  for  n\>  building  i<  ab.M>lutely  fin»pnH>f:  and  the  resist- 
jin\-e  oll'eiv\l  lo  tiiv  i-^  v»ne  of  vloiriw  oidv,  f«^r  if  the  heat  Ix*  sufRcientlv 
loi^b  iithl  pr\>loiiged,  i\oUiiug  can  witli<tand  it.  The  l)est  materials 
:it'\'  !\onv>Mub!v*ioi-^  ot  heat,  having  high  fusing  |)oints.  At  high 
lennvraiuiv  vvM\ivie  !ox^-*  :t>  wacor  of  crystallization,  but  the  depth  to 
\\ht\b  iln^  ^icil\ar:ll•or  i:re-*  artii  the  rate  at  which  it  takes  place  are 
the  I'.u-U'r--  i!m;  vuiert'**t'o  ihe  etfecriveut^ss  of  the  material.  The 
heu  M'-.;:!.irvv  .i!r^'nio«:  1\\  .'*•:: 'tvte  >  nf  ;i  high  order,  and  to  obtain 
\\w  iv-^i  !v^:'i^  .1  -»:''\\:i  ilr.iivv.e^^  niK-t  Iv  applieil.  Tliis  re<|uired 
ihv  ■v-'v'v'*  -^  "a  rj'lx  .1  \-.iv:rv»;  ti::iritity :  'J  inches,  or  even  I  inch, 
eM\   Iv  >.':^-v  v' •:   s*:-  .{■'  .■''.♦    "^i:  ■'.'•:  ::i:.  but  would  Iv  inadei[uate  for 

I   w  j'c'v^'  -»e       l" •.-«*•  ••••  .r'v-    ■*''r...vvv''r.iz  ctuicrvte  also  apply  to  all 
*M*'.-;   '\ ^  .*•    ■'•. •»',•■-       I ■  >.  -r...,.^,  p»>iiit  oti  which  information 

:.,.•,;  \.    -M*    •••»•  ^  ■  "e  ■/     -v:  v^>>  ::'  t'.ie  it>ulatioa  for  pro}H»r  pix>- 

**••■'!•*.      V ^:     ,  -ri i-vf:;  :>  that  of  pn.Hecting  a  build- 

I'      •     ^'  uwans  the  protecting  of  all 

•  N '  «  i  V     ^  '    ■•  >  '■   •viLiHy  as  resistant  as  the  other 

.»  ,  •       "«       ^     ^^  -!  •.■:'.{  'v  self-cvmtaineil — that  is, 

^     .     .    ,     ^      \  .^  r   •     r-a  \«e  t^f  tighting  fir^  frvmi  the 

.  V  ■  .>.  A^i:??*;  the  oucs^ide  water  service 
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is  likely  to  fail  through  rupture  of  the  steel  mains,  it  is  highly 
desirable  to  have  an  independent  supply,  as  from  an  artesian  well, 
with  the  necessary  pumps  and  service  pipe. 

In  the  matter  of  fireproofing,  certain  definite  recommendations  may 
be  deduced  from  the  San  Francisco  conflagration,  as  follows: 

1.  Exterior  openings  should  be  protected  by  the  use  of  metal 
frames  or  metal-covered  frames  with  wire  glass,  or  exterior  iron 
shutters  or  interior  metal-covered  shutters,  or  both  exterior  and 
interior  shutters. 

2.  The  structural  members,  especially  the  columns,  should  be  better 
protected,  preferably  with  solid  concrete;  they  may  be  filled  with 
brick  and  covered  with  terra  cotta  or  with  a  double  layer  of  cement- 
plastered  metal  lath,  with  an  air  space  between. 

3.  There  should  be  a  better  type  of  partition,  the  present  plastered 
metal  lath  or  hollow  terra-cotta  tile  being  inadequate.  Reenforced- 
concrete  partitions  are  much  more  efficient. 

4.  All  combustible  trim  should  be  eliminated.  The  fire  loss  from 
this  item  is  high,  and  it  should  be  so  designed  as  to  be  replaced  readily 
and  cheaply. 

5.  Attic  floors  and  roofs  should  be  designed  to  resist  fire.  In  many 
buildings  the  roof  members  were  not  fireproofed  and  their  failure 
caused  great  damage. 

6.  Buildings  should  be  so  arranged  that  the  fire  could  be  confined 
to  a  single  room. 

WATER  SUPPLY  AND  OTHER  METHODS  OF  FIGHTING  FIRE. 

In  connection  with  the  matter  of  the  fireproof  construction  of 
buildings  above  referred  to,  certain  suggestions  may  be  made  in 
regard  to  private  and  public  facilities  for  fighting  fire,  as  follows: 

1.  An  independent  water  supply  and  other  facilities  for  fighting 
the  fire  from  either  within  or  without  should  be  provided. 

2.  Another  very  important  problem,  at  least  so  far  as  San  Fran- 
cisco is  concerned,  is  that  of  the  public  water  supply.  The  failure 
of  a  gridiron  system  of  cast-iron  pipes  seriously  cripples  a  water 
supply,  no  matter  how  large  may  be  the  storage.  It  is  also  evident 
that  greater  care  must  l^e  exercised  in  the  laying  of  these  mains, 
especially  in  filled  ground  or  alluvial  soil,  where  failures  are  likely 
to  occur.  A  system  of  by-passes  should  be  provided,  so  arranged  as 
to  permit  the  cutting  out  of  portions  which  are  broken  or  otherwise 
damaged,  and  some  system  should  be  installed  for  quick  repairs  under 
emergency  conditions. 

3.  A  high-pressure  service  operated  from  the  bay,  using  salt 
water,  would  also  be  an  essential  feature.  This  service  might  neces- 
sitate a  floating  pumping  station,  as  recommended  by  the  National 
Board  of  Fire  Underwriters. 
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terra-cotta  tile  is  largely,  if  not  entirely,  devoid  of  merit  for  fire- 
proofing  purposes.  Even  when  it  is  of  the  best  grade  and  workman- 
ship it  can  hardly  be  considered  a  first-class  building  material.  At 
a  comparatively  low  temperature  the  tiles  fail,  the  thin  webs  spalling 
from  unequal  expansion.  A  more  porous  tile,  with  thicker  webs 
keyed  together  and  laid  in  Portland-cement  mortar  with  tight  joints, 
would  unquestionably  be  more  suitable  for  the  purpose.  It  may  be 
true  that  in  case  of  repairs  after  a  fire  damaged  tile  of  the  usual 
commercial  type  can  readily  be  detected  and  renewed.  Terra-cotta 
tiling  may,  however,  allow  sufiicient  heat  to  pass  through  it  to  soften 
slightly  the  steel  member  which  it  encases  and  still  remain  in  posi- 
tion, thus  hiding  the  defect.  Several  examples  of  this  condition  were 
found. 

The  advocates  of  terra-cotta  tile  contend  that  concrete  may  be 
seriously  damaged  by  dehydration  without  noticeable  change  in  its 
appearance.  While  this  contention  may  be  justified,  it  should  be 
noted  that  any  weakness  or  softness  may  be  as  readily  detected  and 
repaired  in  concrete  as  in  terra  cotta.  Concrete,  moreover,  has  the 
great  advantage  of  being  a  nonconductor  of  heat,  and  so  will  with- 
stand a  prolonged  heat  before  the  damage  extends  to  any  great  depth ; 
and  it  usually  remains  in  place,  maintaining  its  protective  qualities. 
The  value  of  a  structure  or  of  a  method  of  fireproofing  is  determined 
largely  by  ascertaining  what  portion  of  the  structure  is  left  avail- 
able for  use  after  the  fire.  The  word  "fireproof"  is  of  course  a 
misnomer,  for  no  building  is  absolutely  fireproof;  and  the  resist- 
ance offered  to  fire  is  (me  of  degree  only,  for  if  the  heat  be  sufficiently 
high  and  prolonged,  nothing  can  withstand  it.  The  best  materials 
are  nonconductors  of  heat,  having  high  fusing  points.  At  high 
temperature  concrete  loses  its  water  of  crystallization,  but  the  depth  to 
which  this  dehydration  goes  and  the  rate  at  which  it  takes  place  are 
the  factors  that  determine  the  effectiveness  of  the  material.  The 
heat  insulation  afforded  by  concrete  is  of  a  high  order,  and  to  obtain 
the  best  results  a  sufficient  thickness  must  he  applied.  This  required 
thickness  is  naturally  a  variable  quantity;  2  inches,  or  even  1  inch, 
may  be  sufficient  for  an  office  building,  but  would  be  inadequate  for 
a  warehouse.  These  remarks  concerning  concrete  also  apply  to  all 
other  forms  of  fireproofing.  The  prime  point  on  which  information 
should  l>e  procured  is  the  thickness  of  the  insulation  for  j)ropcr  pro- 
tection against  fire. 

Perhaps  the  most  important  problem  is  that  of  protecting  a  build- 
ing from  fire  from  without.  To  do  so  means  the  protecting  of  all 
openings  and  the  making  of  the  roof  equally  as  resistant  as  tlie  other 
parts  of  the  structure.  Buildings  should  be  self-contained — that  is, 
protected  against  exterior  fires  and  capable  of  fighting  fire  from  the 
inside;  and  in  earthquake  countries,  where  the  outside  water  service 
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is  likely  to  fail  through  rupture  of  the  steel  mains,  it  is  highly 
desirable  to  have  an  independent  supply,  as  from  an  artesian  well, 
with  the  necessary  pumps  and  service  pipe. 

In  the  matter  of  fireproofing,  certain  definite  recommendations  may 
be  deduced  from  the  San  Francisco  conflagration,  as  follows : 

1.  Exterior  openings  should  be  protected  by  the  use  of  metal 
frames  or  metal-covered  frames  with  wire  glass,  or  exterior  iron 
shutters  or  interior  metal-covered  shutters,  or  both  exterior  and 
interior  shutters. 

2.  The  structural  members,  especially  the  columns,  should  be  better 
protected,  preferably  with  solid  concrete;  they  may  be  filled  with 
brick  and  covered  with  terra  cotta  or  with  a  double  layer  of  cement- 
plastered  metal  lath,  with  an  air  space  between. 

3.  There  should  be  a  better  type  of  partition,  the  present  plastered 
metal  lath  or  hollow  terra-cotta  tile  being  inadequate.  Reenforced- 
concrete  partitions  are  much  more  efficient. 

4.  All  combustible  trim  should  be  eliminated.  The  fire  loss  from 
this  item  is  high,  and  it  should  be  so  designed  as  to  be  replaced  readily 
and  cheaply. 

5.  Attic  floors  and  roofs  should  be  designed  to  resist  fire.  In  many 
buildings  the  roof  members  were  not  fireproofed  and  their  failure 
caused  great  damage. 

6.  Buildings  should  be  so  arranged  that  the  fire  could  be  confined 
to  a  single  room. 

WATER  SUPPLY  AND  OTHER  METHODS  OF  FIGHTING  FIRE. 

In  connection  with  the  matter  of  the  fireproof  construction  of 
buildings  above  referred  to,  certain  suggestions  may  be  made  in 
regard  to  private  and  public  facilities  for  fighting  fire,  as  follows: 

1.  An  independent  water  supply  and  other  facilities  for  fighting 
the  fire  from  either  within  or  without  should  be  provided. 

2.  Another  very  important  problem,  at  least  so  far  as  San  Fran- 
cisco is  concerned,  is  that  of  the  public  water  supply.  The  failure 
of  a  gridiron  system  of  cast-iron  pipes  seriously  cripples  a  water 
supply,  no  matter  how  large  may  be  the  storage.  It  is  also  evident 
that  greater  care  must  be  exercised  in  the  laying  of  these  mains, 
especially  in  filled  ground  or  alluvial  soil,  where  failures  are  likely 
to  occur.  A  system  of  by-passes  should  be  provided,  so  arranged  as 
to  permit  the  cutting  out  of  portions  which  are  broken  or  otherwise 
damaged,  and  some  system  should  be  installed  for  quick  repairs  under 
emergency  conditions. 

3.  A  high-pressure  service  operated  from  the  bay,  using  salt 
water,  would  also  be  an  essential  feature.  This  service  might  neces- 
sitate a  floating  pumping  station,  as  recommended  by  the  National 
Board  of  Fire  Underwriters. 
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4.  The  use  of  explosives,  such  as  dynamite,  for  fighting  a  fire 
should  be  greatly  restricted  and  intrusted  to  experts  only,  or  else 
abandoned.  It  is  extremely  doubtful  whether  the  progress  of  a  fire 
can  be  checked  by  dynamiting  in  advance  of  the  fire  without  the 
removal  or  thorough  wetting  of  the  debris.  Such  procedure  would 
have  been  impossible  in  San  Francisco,  as  the  water  supply  was 
unavailable  and  it  was  impossible  to  carry  away  the  wreckage.  The 
indiscriminate  dynamiting  did  more  harm  than  good,  for  the  reason 
that  the  concussions  injured  the  surrounding  buildings,  as  shown,  for 
example,  by  the  extensive  damage  done  at  the  post-office.  Back  firing 
would  have  been  equally  bad,  because  to  apply  this  method  success- 
fully plenty  of  water  for  controlling  the  fire  is  necessary.  A  fire 
stop  is  the  best  way  of  checking  a  conflagration,  and  a  fireproof 
structure  makes  the  best  fire  stop  if  it  has  well-protected  openings. 

GENERAIi  IiE880NS  OF  THE  EARTHQUAKE  AND  FIBE. 

In  considering  the  results  of  the  destruction  which  was  wrought  by 
the  earthquake  and  fire  there  appear  certain  salient  features  from 
which  conclusions  may  be  drawn.  In  regard  to  the  possibility  of  the 
erection  of  an  earthquake-proof  structure,  it  is  apparent  and  univer- 
sally admitted  that  it  would  be  impossible  to  build  on  the  fault  line 
a  structure  which  could  withstand  the  effect  of  a  slip.  Furthermore, 
it  is  realized  that  in  building  near  the  fault  on  soft  or  alluvial  soil 
extra  precautions  must  be  taken;  for  example,  location  of  the  San 
Francisco  water  mains  in  ground  of  this  character  was  unwise,  since 
it  is  difficult  to  design  a  waterworks  system  capable  of  resisting  the 
effect  of  settling  of  the  ground.  The  importance  of  proper  construc- 
tion and  distribution  of  the  water  mains  in  districts  liable  to  earth- 
quakes is  demonstrated  by  the  fact  that  the  greatest  damage  in  San 
Francisco,  fully  85  per  cent  of  the  total,  was  by  fire.  The  action  of 
the  earthquake  in  starting  the  fires  which  grew  to  a  great  conflagra- 
tion seems  insignificant  compared  to  the  breaking  of  the  water  mains, 
which  left  the  city  defenseless  against  the  flames. 

The  comparatively  great  destruction  wrought  by  the  earthquake 
to  structures  located  on  filled  ground  or  alluvial  soil  has  already  been 
pointed  out.  The  destruction  in  San  Francisco  was  confined  largely 
to  l)uildings  located  on  the  alluvium  of  the  flats  or  on  the  filled 
ground  of  old  watercourses.  That  structures  can  be  built,  however, 
which  will  satisfactorily  meet  even  such  conditions  when  adequate 
foundations  are  provided,  extending  through  the  soft  material  to  a 
solid  base,  is  demonstrated  by  the  behavior  of  such  buildings  as  the 
Leland  Stanford  Junior  Museum  (PI.  XIV,  .1)  and  Koble  Hall,  at 
Stanford  University;  the  Government  buildings  (Pis.  XXVIII,  ^-1 ; 
XXXVIII;  XLII,  /y;  XLIII;  XLIV),  and  the  Call  and  other 
buildings  in  San  Francisco. 
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The  structures  which  suffered  most  from  the  earthquake  were — 

1.  The  municipal  and  county  buildings.  The  greatest  destruction 
was  sustained  by  these  buildings,  which  were  generally  badly  de- 
signed and  poorly  constructed  of  inferior  materials,  while  the  well- 
built,  substantial  Government  buildings  suffered  less. 

2.  Lightly  and  flimsily  constructed  wooden  buildings.  Well-con- 
structed wooden  buildings  generally  withstood  the  shock,  but  those 
that  were  flimsily  built,  resting  upon  posts  or  equally  insuflScient 
foundations,  collapsed,  even  where  they  were  fairly  well  designed. 
The  essentials  of  earthquake-resisting  power  are  vertical  continuity, 
adequate  diagonal  bracing,  and  first-class  foundations. 

3.  Improperly  built  brick  and  stone  structures.  The  brick  walls 
which  failed,  either  by  being  shaken  down  entirely  or  by  shattering, 
were  laid  in  lime  mortar  with  few  header  courses,  and  generally  had 
wooden  frames  with  little  or  no  bracing  and  no  tie  to  the  walls. 
Stone  and  brick  masonry  cracked  diagonally  in  the  form  of  an  X. 
Hollow-tile  partitions  and  masonry  of  brick  or  stone  were  similarly 
cracked,  although  this  injury  was  small  where  Portland-cement 
mortar  was  used.  Where  the  walls  were  laid  with  hard  brick,  with 
plenty  of  headers  and  in  Portland-cement  mortar,  and  were  properly 
tied  to  the  floor  and  roof  members  there  was  little,  if  any,  damage. 
Chimneys  collapsed  most  generally,  breaking  about  halfway  up,  and 
destroyed  in  part  at  least  the  structures  upon  which  they  fell.  While 
the  evidence  was  by  no  means  conclusive,  it  appeared  to  the  writer 
that  brick  stacks  of  circular  section  proved  more  substantial  than 
square  ones.  The  stack  of  the  Valencia  street  power  plant,  which 
was  of  eight-pointed  star  section,  collapsed,  the  part  which  remained 
standing  showing  cracks  at  one  of  two  opposite  reentrant  angles 
almost  to  the  base  (PI.  LIII,  A),  It  is  quite  evident  that  brick 
stacks  and  similar  tall  structures  built  of  brick  or  stone  without 
reenforcement  against  flexure,  or  without  being  guyed,  are  unsuitable 
for  use  in  countries  liable  to  earthquake  shock.  They  should  be  con- 
structed either  of  steel,  guyed,  or,  if  self-supporting,  of  steel  or  reen- 
f creed  concrete.     (See  also  PL  XIII,  A.) 

4.  InsuflSciently  braced  and  loosely  constructed  steel  structures. 
In  structures  which  were  deficient  in  diagonal  bracing  the  effect  of 
the  earthquake  was  localized  in  the  piers  between  openings  and  cur- 
tain walls  in  characteristic  X  cracks.  In  tall  structures  like  the  Call 
Building,  the  tower  of  the  Union  Ferry  Building,  and  others,  the 
diagonal  bracing  that  had  been  installed  proved  insufficient,  and  the 
diagonals  at  about  the  middle  distance  between  the  top  and  base  were 
strained  beyond  the  elastic  limit  of  the  material,  acquiring  a  perma- 
nent set,  which  was  indicated  by  a  slight  buckling.  It  is  assumed 
that  the  effect  of  earthquake  shock  on  diagonal  bracing  is  equiva- 
lent to  a  heavy  wind  pressure,  variously  estimated  at  30  to  50  pounds 
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per  square  inch.  The  writer  believes  that  the  higher  figure  should  be 
used,  because  the  essential  in  satisfactory  earthquake-resistant  design 
is  rigidity,  whereby  the  structure  moves  as  a  unit.  Unless  there 
should  be  earthquakes  of  greater  severity  than  the  one  under  discus- 
sion, no  fear  need  be  felt  for  tall  buildings.  It  has  been  fully 
demonstrated  that  a  steel  frame  well  braced  diagonally  upon  an 
adequate  foundation  successfully  meets  the  earthquake  requirements ; 
not  even  the  masonry  being  injured  to  any  great  extent. 

Concrete,  especially  reen forced  concrete,  because  of  its  great  ad- 
hesive strength  and  reenforcing  metal,  proved  more  satisfactory 
than  any  other  material.  Its  solid  monolithic  structure  produces  a 
successful  earthquake-resisting  material,  inasmuch  as  it  moves  as  a 
unit;  moreover,  it  offers  a  maximum  resistance  to  fire.  The  great 
concrete  dam  of  the  Crystal  Springs  Lake  at  San  Mateo  (PL  XI,  B) 
gave  abundant  proof  of  the  substantial  qualities  of  concrete  in  a  mass, 
for  although  it  lies  within  a  few  hundred  yards  of  the  fault,  it 
suffered  no  damage.  Solid  concrete  floors  proved  satisfactory, 
though  concrete  in  San  Francisco  was  of  a  very  poor  quality,  and 
flimsy  concrete  stiffened  with  light  metal  passed  as  reenforced  con- 
crete. Cinder  concrete  was  used  extensively  for  fl(X)rs  and  elsewhere, 
and  was  of  a  very  inferior  grade.  Much  of  it  was  high  in  sulphides, 
which  had  a  deleterious  effect  on  the  embedded  material,  especially 
in  floors  where  slight  cracks  permitted  air  and  moisture  to  come  In 
contact  with  these  sulphides  and  the  metal.  For  a  proper  earthquake- 
proof  structure,  everything — the  design,  the  materials  used,  and  the 
workmanship — nmst  be  first-class.  Most  of  the  failures  resulted 
from  bad  design,  poor  workmanship,  and  poor  materials.  If  reen- 
forced concrete  of  the  quality  described  could  give  such  satisfactory 
results  in  meeting  the  extraordinary  conditions  of  the  San  Francisco 
earthquake  and  fire,  it  is  evident  that  much  greater  satisfaction  would 
have  been  given  by  the  use  of  first-class  material. 

The  causes  of  the  failures  in  San  Francisco  mav  be  summarized 
as  follows: 

1.  The  effort  on  the  part  of  those  qualified  to  design  and  advise  on 
building  construction  to  meet  the  owners'  demands  by  planning 
structures  so  that  they  can  t)e  erected  for  the  least  possible  cost,  a 
practice  which  tends  to  a  departure  from  the  principles  of  correct 
design,  the  result  being  a  structure  that  will  carry  ordinary  loads, 
t)ut  that  fails  when  subjected  to  unusual  conditions.  Such  was  the 
case  at  Stanford  ITniversity,  where  the  poorly  constructed  stone- 
veneered  l)uildings  met  ordinary  conditions,  but  failed  in  the  earth- 
quake: while  the  more  substantial  structures,  like  the  dormitories — 
one  of  reenforced  concrete  and  the  other  of  solid  stone  masonry — 
survived. 

2.  Actually  dishonest  design  and  construction. 
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The  following  requirements  should  be  adhered  to  in  structures  for 
earthquake  countries : 

1.  Location  on  or  near  the  fault  should  be  avoided. 

2.  Foundations  and  superstructures  should  be  so  built  that  they 
will  move  as  a  unit. 

«3.  Wooden  structures  should  be  rather  heavily  framed,  with  con- 
tinuity in  the  vertical  members,  adequate  diagonal  bracing,  and  sub- 
stantial foundations. 

4.  Steel  structures  should  rest  upon  an  adequate  foundation  and 
be  thoroughly  braced  diagonally.  This  feature  is  a  most  important 
one,  as  rigidity  is  absolutely  essential. 

5.  Brickwork  and  stonework  should  be  thoroughly  bonded  with 
full  header  courses  laid  in  Portland-cement  mortar. 

6.  Masonry  should  be  thoroughly  tied  to  the  steel  or  other  framing 
members. 

7.  Buildings  should  have  no  unnecessary  material  in  their  super- 
structures, and  heavy  ornamentation  should  be  omitted. 

8.  Flimsy  floors  and  partitions  should  be  avoided ;  reenforced  con- 
crete is  an  excellent  material  for  both. 

Professor  Omori,  chairman  of  the  Japanese  earthquake  commis- 
sion, and  other  earthquake  authorities,  have  stated  that  great  earth- 
quakes are  followed  by  a  settled  condition  in  the  earth's  surface  and 
that  there  is  an  interval  of  fifty  or  one  hundred  years  during  which 
no  earthquakes  occur.  The  general  fear  which  prevailed  during  the 
first  days  following  the  earthquake  has  been  quieted  by  these  assur- 
ances, which  have  also  created  a  feeling  of  security  that  has  led  to  a 
relaxation  of  the  precautions  necessary  in  the  work  of  reconstruction. 
The  lessons  taught  by  the  great  calamities  such  as  have  befallen  San 
Francisco,  Baltimore,  Chicago,  and  other  cities  are  not  regarded.  It 
is  very  probable  that  the  new  San  Francisco  to  rise  on  the  ruins  will 
be,  to  a  large  extent,  a  duplicate  of  the  former  city  in  defects  of 
construction. 

OBSTACIiTCS  TO   RECONSTRUCTION   OF   SAN  FRANCISCO. 

The  actual  loss  by  fire  in  San  Francisco  was  much  greater  than  in 
the  Baltimore  fire,  for  the  reason  that  many  insurance  companies 
have  taken  advantage  of  the  earthquake  clause  in  the  policies  and 
failed  to  pay  their  claims,  while  others  without  the  requisite  funds 
were  unable  to  pay  the  large  claims  in  full.  This  failure  to  pay  a 
very  considerable  percentage  of  the  fire  losses  and  the  delay  in 
adjusting  them  have  proved  serious  setbacks  in  the  progress  of 
reconstruction. 

The  new  building  code  is  also  operating  against  the  best  interests 
of  the  city.    The  arbitrary  classification  of  buildings  based  on  the 
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type  of  construction  is  one  which  will  result  in  more  harm  than  good. 
Those  interested  in  itn  preparation  directed  their  attention  princi- 
pally to  office  and  other  large  buildings,  apparently  not  realizing 
that  the  greater  proportion  of  reconstruction  will  consist  of  small 
three  or  four  story  buildings.  The  fact  that  a  structure  is  built  of 
steel  and  fireproofed  does  not  make  it  superior  to  those  representing 
other  types  of  construction,  for  poor  materials  and  workmanship 
may  produce  inferior  quality,  whatever  the  type. 

The  proposed  code  discriminates  against  reenforced-concrete  build- 
ings in  designating  them  as  class  B  structures.  While  not  inten- 
tional, this  conveys  the  impression  that  such  buildings  are  next  in 
order  of  superiority  to  structures  of  class  A.  Class  A  should  embrace 
buildings  so  well  designed  and  constructed  of  such  first-class  materials 
that  they  afford  the  maximum  resistance  to  fire,  and  should  repre- 
sent the  best  method  of  fireproof  construction  regardless  of  type. 

That  there  was  only  one  reenforced-concrete  building  of  the  mod- 
em type  in  San  Francisco  was  due  in  part  to  the  opposition  of  the 
labor  unions.  The  exorbitant  demands  for  wages,  coupled  with  the 
high  cost  of  materials,  have  proved  a  serious  handicap.  The  cost  of 
all  construction  work  is  excessive  at  the  present  time,  and  business  in- 
terests will  suffer  from  the  shrinkage  in  value  which  will  follow  the 
fall  in  price  of  labor  and  materials.  This  policy  of  the  labor  organi- 
zations is  materially  interfering  with  and  checking  the  work  of  recon- 
struction. 

In  addition  to  these  labor  difficulties,  the  questions  of  widening 
and  extending  old  streets  and  opening  new  ones,  for  the  purpose  of 
carrying  out  the  plans  for  the  new  and  greater  city,  are  still  unde- 
cided, and  most  of  the  business  men  are  unwilling  to  begin  the  work 
of  reconstruction  until  these  points  are  settled. 

STATISTICS  AND  GENERAL  INFORMATION. 

The  defects  of  construction  which  are  so  strongly  condemned  by 
reason  of  the  failure  of  the  structures  were  no  worse  than  those  gen- 
erally existing  throughout  the  United  States.  The  same  defects  are 
common,  and  it  is  evident  that  the  same  result  would  follow  an  earth- 
quake of  equal  intensity  in  another  part  of  the  country.  A  moment's 
consideration  will  show  that  the  loss  of  life  and  property  in  New 
York,  for  example,  under  similar  conditions,  would  be  enormous. 
The  damage  to  property  in  San  Francisco  is  estimated  at  $250,000,000, 
but  this  sum,  large  as  it  is,  is  exceeded  by  the  total  annual  expendi- 
tures for  new  construction  in  New  York. 

The  loss  of  life  from  earthquakes  is  usually  very  great.  That  it 
did  not  exceed  500  in  San  Francisco  is  explained  by  the  fact  that  at 
the  time  of  its  occurrence,  during  the  early  hours  of  the  morning, 
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most  of  the  inhabitants  were  in  houses,  90  per  cent  of  which  were  of 
frame.  Structures  of  this  type  withstood  the  earthquake  shock  par- 
ticularly well,  which  accounts  for  the  minimum  loss  of  life.  Had 
the  earthquake  occurred  four  or  five  hours  later,  when  the  people 
were  performing  their  daily  tasks,  in  oflSces,  schools,  etc.,  or  on  the 
streets,  the  loss  of  life  must  have  been  very  great.  The  writer  saw 
a  view  of  a  drove  of  cattle  buried  under  the  ruins  of  a  fallen  wall 
while  passing  through  Mission  street,  which  graphically  told  the 
story  of  what  might  have  occurred  had  the  shock  come  later  in  the 
day.  Although  the  loss  of  life  was  small,  more  -than  200,000  people 
were  rendered  homeless  and  dependent  on  the  authorities  for  even 
the  necessaries  of  life. 

In  three  days  the  tremendous  area  of  more  than  2,593  acres  was 
burned,  destroying  entirely  490  city  blocks  and  in  part  32  blocks. 
(See  Pis.  LIV-LVII.)  Of  this  area,  314  acres  constituted  the  con- 
gested district,  on  which  there  was  $250,000,000  insurance,  probably 
representing  a  value  of  at  least  $500,000,000. 

In  the  Baltimore  fire  (February,  1904)  1,343  buildings  were  de- 
stroyed, having  an  assessed  value  of  $12,908,300.  In  two  years  these 
burned  buildings  were  replaced  by  570  buildings,  whose  assessed 
value  is  $20,000,000.  These  new  buildings  are  larger  than  the  old, 
and  the  widening  of  the  streets  has  eliminated  700  building  lots.  It 
is  expected  that  when  the  reconstruction  within  the  burned  district 
is  complete  there  will  be  fewer  than  800  buildings,  of  which  the 
assessed  value  will  be  fully  $25,000,000.  It  is  therefore  quite  reason- 
able to  suppose  that  the  assessed  value  of  the  reconstructed  San 
Francisco  will  be  at  least  double  that  at  the  time  of  the  catastrophe. 


THE  EFFECTS  OF  THE  EARTHQUAKE  AND  FIRE 
ON  BUILDINGS,  ENGINEERING  STRUCTURES,  AND 
STRUCTURAL  MATERIALS. 


By  John  Stephen  Seweix. 


IXTRODI'CTIOX. 

SCOPE  OF  THE  INVESTIGATION. 

The  following  pages  contain  the  matter  of  a  report-  dated  July  5, 
11>(Hk  to  Brig.  Gen.  Alexander  Mackenzie,  Cliief  of  Engineers,  United 
States  Army,  of  an  inspection  made  bv  me  of  the  *ruins  of  San 
Francisco,  in  acconlanw  with  Special  Orders  Xa  97,  dated  War 
Department,  Washington,  April  il^\  IIKK*. 

I  arriveil  in  San  Francistx>  on  the  morning  of  May  8,  1906,  and 
remaineil  until  the  night  of  Mav  19.  Mv  onlers  directed  me  to  inves- 
tigsUe  the  etfei*i  of  the  tire  and  earthquake  on  Iniildings  and  engineer- 
ing struct un^  in  the  territory  atftvted  hy  the  earthquake,  and  author- 
izinl  me  to  visit  such  jx^ints  in  addition  to  San  Francisco  as  it  might 
Ih*  ntHvssary  to  ol^^^rYe,  As  sih>ii  as  jxissihle  after  my  arrival,  I 
calKnl  on  the  various  military  and  civil  authorities,  and  procured 
from  the  latter  |vrmits  authorizing  me  to  enter  and  inspect  the  dam- 
agtnl  structures. 

It  ap|H^an\l  that  in  the  territory  atfectetl  by  the  earthquake,  in 
addition  to  buildinirs  of  various  tyjx^  there  were  tlie  works  of  the 
Spring  Valley  Water  Company  and  fortifications,  liglit -houses,  and 
railn^»id  struct un^  Some  rumors  of  i>ollapseil  tunnels  on  the  coast 
division  of  the  Southern  Pacific  Kailn^ad  had  Kvn  circulated  in  the 
Krtsl  Ivfon^  I  left  Washington.  I  found  on  inquiry,  however,  that 
m>  tunnels  had  ivllapstHl,  and  whatever  damaji^^  had  l^een  done,  except 
io  buildings  along  the  line,  had  Ixvn  wholly  or  j^artly  repaited  before 
I  ivachtnl  C^alifornia. 

Inquiry  an\ong  cnginivrs  and  others  ci^mpetent  to  speak  disclosed 
the  fact  that  the  dams  of  the  Spring  Valley  Water  Company  were 
practically  not  injinvd  by  the  carthquak«\  Considerable  damage  was 
(lone  to  muuc  of  their  tvnduits  and  to  the  pi[x>s  of  the  distribution 
svstcuK  Ii\ouirv  in  ivfcnnux*  to  thc^<^  iuMn>  disclosed  the  fact  that  a 
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personal  examination  would  consume  a  great  deal  of  time.  It  also 
disclosed  the  fact  that  an  examination  was  in  process  by  competent 
engineers,  and  Major  McKinstry  undertook  to  get  for  me  a  report  of 
the  results  of  this  examination.  As  a  matter  of  fact,  I  have  been 
allowed  to  see  a  copy  of  such  a  report  made  by  Charles  D.  Marx 
and  Charles  B.  Wing,  which  the  authors  prefer  not  to  have  pub- 
lished as  yet.  However,  certain  essential  facts  as  to  the  condition 
of  dams,  conduits,  etc.  (see  Pis.  IX;  X,  A;  XI,  B),  are  taken  from  it 
and  embodied  further  on  in  my  own  report ;  although  the  photographs 
and  certain  other  features  of  the  report  itself,  which  seem  to  be  pecul- 
iarly the  property  of  its  authors,  are  not  submitted  herewith.  In 
view  of  the  fact  that  the  results  of  the  examination  of  the  waterworks 
were  promised  to  me,  it  seemed  superfluous  for  me  to  visit  the  dams 
and  conduits,  except  as  a  matter  of  personal  interest,  and  as  my  time 
was  very  short,  I  decided  not  to  do  so. 

The  light-houses  and  fortifications  are  in  charge  of  competent  offi- 
cers, whose  duty  it  is  to  report  the  nature  and  extent  of  the  damage 
done  to  them  by  the  earthquake.  As  an  inspection  of  the  light-houses 
would  have  involved  a  great  deal  of  time,  I  decided  not  to  attempt 
to  visit  them,  and  made  only  a  superficial  examination  of  the  forti- 
fications. 

As  my  own  experience  has  been  mainly  in  the  line  of  fireproof 
buildings,  however,  I  made  a  very  careful  inspection  of  the  ruins  of 
San  Francisco  itself,  and  also  visited  Oakland  and  Palo  Alto,  with 
a  view  to  inspecting  damaged  buildings  at  those  points.  I  found,  as 
a  result  of  those  trips  and  by  inquiry  among  competent  witnesses, 
that,  with  one  exception,  there  was  no  type  of  building  in  the  affected 
district  which  was  not  well  represented  among  the  buildings  of  San 
Francisco.  The  exception  was  the  concrete  work  at  Leland  Stanford 
Junior  University,  near  Palo  Alto,  to  which  specific  reference  is 
made  on  page  113.  The  greater  part  of  my  time,  for  the  reasons 
above  outlined,  was  spent  within  the  limits  of  San  Francisco  itself, 
and  much  of  it  within  what  had  been  the  congested  district  of  the 
city. 
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EXTRACTS  FROM  THE  REPORT  OF  A  COMMITTEE  OF  THE  NATIONAL 
BOARD  OF  FIRE  UNDERWRITERS  ON  SAN  FRANCISCO  CONDI- 
TIONS. 

San  Francisco  before  the  earthquake  and  fire  consisted  mainly  of 
frame  and  brick  buildings  of  ordinary  construction.  A  few  adobe 
buildings  still  remain,  but  there  were  not  many  of  these.  There 
were  about  45  so-called  fireproof  buildings  in  the  city,  and  a  small 
number  of  so-called  slow-burning  buildings,  modeled  more  or  less 
loosely  along  the  lines  of  the  New  England  mills.  A  fair  idea  of  the 
general  nature  of  the  city,  so  far  as  buildings  are  concerned,  is  given 
in  the  following  quotations  from  a  report  on  San  Francisco  issued  by 
the  committee  of  twenty  of  the  National  Board  of  Fire  Underwriters 
in  October,  1905 : 

CONFLAGRATION    HAZARD. 

PotentiaL — In  view  of  the  excessively  large  areas,  great  heights,  numerous 
unprotected  openings,  general  absence  of  fire  breaks  and  stops,  highly  com- 
bustible nature  of  the  buildings,  many  of  which  have  sheathed  walls  and  ceilings, 
frequency  of  light  wells,  and  the  presence  of  interspersed  frame  buildings,  the 
potential  hazard  is  very  severe. 

Probability  feature, — The  above  features,  combined  with  the  almost  total  lack 
of  sprinklers,  and  absence  of  modern  protective  devices  generally,  numerous 
and  mutually  aggravating  conflagration  breeders,  high  winds  and  compara- 
tively narrow  streets,  make  the  probability  feature  alarmingly  severe. 

Summary. — While  two  of  the  five  sections  into  which  the  congested-value 
district  is  divided  involve  only  a  mild  conflagration  hazard  within  their  own 
limits,  they  are  badly  exposed  by  the  others,  in  which  all  the  elements  of  the 
conflagration  hazard  are  present  to  a  marked  degree.  Not  only  is  the  hazard 
extreme  within  the  congested- value  district,  but  it  is  augmented  by  the  presence 
of  a  compact  surrounding,  great-height,  large-area,  frame-residence  district, 
itself  unmanageable  from  a  fire-fighting  standiwint  by  reason  of  adverse  con- 
ditions introduced  by  the  toix)graphy.  In  fact,  San  Francisco  has  violated  all 
underwriting  traditions  and  precedents  l)y  not  burning  up ;  that  it  has  not  done 
so  is  largely  due  to  the  vigilance  of  the  firo  department,  which  can  not  be  relied 
upon  indefinitely  to  stave  off  the  inevitable. 

In  another  portion  of  the  same  report  the  following  occurs : 

The  principal  features  affecting  the  conflagration  hazard  in  the  business  sec- 
tion are  bad  exposures,  poor  construction,  lack  of  proper  protective  devices, 
excessive  height  in  nonfireproof  buildings,  large  floor  areas,  and  the  large  i)er- 
centage  of  frame  construction  present. 

The  mixed  dwelling  and  minor  mercantile  section  which  immediately  sur- 
rounds the  congested- value  district,  and  extends  from  it  in  all  directions  with 
more  or  less  uniformity,  is  alarmingly  compact. 

♦  ♦  ♦  The  security  resulting  from  a  combination  of  redwood  and  such 
danu)uess  as  exists  in  San  Francisco  is  regarde<l  by  the  national  board  engineers 
as  fancied  merely. 
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In  addition  to  the  frame,  ordinary  joisted  brick,  so-called  fireproof, 
and  mill  buildings,  there  were  in  San  Francisco  four  buildings  of  a 
monumental  type,  so  far  as  weight  of  construction  was  concerned. 
These  were  the  new  city  hall  (PI.  XXXI),  the  new  post-office  build- 
ing (Pis.  XLIII  and  XLIV),  the  United  States  mint  (PL 
XXXVIII),  and  the  appraisers'  stores,  or  custom-house  (PI. 
XXVIII,  A).  The  few  mill  buildings  which  existed  were  not  of  a 
standard  type,  according  to  the  report  of  the  National  Board  of 
Fire  Underwriters.  The  fireproof  buildings  had  been  erected  in 
accordance  with  the  building  laws  of  San  Francisco,  which  provided 
for  three  principal  types  of  commercial  buildings,  known  as  class  A, 
class  B,  and  class  C. 

The  general  requirements  for  buildings  of  these  classes  and  for  mill 
buildings  are  as  follows: 

BUILDINGS    IN   FIRE  LIMITS. 

Section  96.  Every  building  hereafter  erected  within  the  fire  limits  shall  be 
constructed  in  accordance  with  the  re<iuirements  of  this  ordinance  for  the  con- 
struction of  buildings  of  either  class  A,  class  B,  or  class  C. 

BUILDINGS    OF   CLASSES    A,    R,    AND    C. 

Section  97.  Class  A,  termed  "  fireproof,"  or  "  skeleton  construction,"  shall 
include  all  buildings  wherein  all  external  and  internal  loads  and  strains  are 
transmitted  from  the  top  of  the  building  to  the  foundation  by  skeleton  or  frame- 
work of  steel,  and  the  beams  or  girders  of  which  are  riveted  to  each  other  at 
their  respective  juncture  joints.  A  building  of  this  class  must  be  constructed 
of  noninfiammable  material  throughout,  and  all  interior  constructive  metal 
work,  with  the  excel>tion  of  the  framiiur  for  elevators  and  staircases,  shall  be 
protected  from  fire  by  brick  or  terra  cotta  at  least  1^  inches  thick,  or  by  plas- 
tering three-fourths  of  an  inch  thick  applied  to  metal  lath.  The  face  of  the 
plastering  shall  be  1^  inches  from  the  metal.  Wood  may  be  used  only  for 
window  and  door  frames,  sashes,  standing  finish,  hand  rails  for  stairs,  and  for 
the  upper  and  under  floors  and  their  necessary  sleepers.  Wood  may  also  be 
used  for  isolated  furring  blocks,  but  this  class  shall  not  permit  the  use  of  laths 
or  furrings  of  wood. 

Class  B.  A  building  of  this  class  shall  be  constructed  with  all  its  exterior 
walls  and  piers  of  masonry,  or  of  masonry  and  steel,  and  all  exterior  surfaces 
other  than  masonry  shall  be  covered  with  noninfiammable  materials.  All  par- 
titions, furred  walls,  or  other  plastered  surfaces  throughout  shall  be  metal 
lathed.  All  interior  metal  work  shall  be  protected  as  in  class  A,  and  in  addition 
the  floor  and  ceiling  joists,  i>osts,  roof  boards,  and  partitions  may  be  of  wood  in 
such  places  as  does  not  violate  the  requirements  of  any  section  or  clause  of  this 
ordinance. 

Class  C.  A  building  of  this  class  shall  be  constructetl  the  same  as  class  B  in 
every  respect,  except  as  to  the  reiiuirenients  for  interior  lathing. 

Section  98.  Limit  of  height  of  buildings  of  classes  A,  B,  and  C : 

Feet. 

Class  A,  limit  of  height 220 

Class  B,  limit  of  height KX) 

Class  C,  limit  of  height 82 

(As  amended  by  Ordinance  1297.) 
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SLOW-BURNING    OR   **  MILL  "    CONSTRUCTION. 

Section  99.  A  building  of  the  slow-burning  or  "  mill "  construction  tyi)e  is  a 
building  whose  outside  walls  are  built  of  masonry,  concentrated  in  piers  or 
buttresses,  between  which  is  a  thin  wall  containing  the  door  and  window  open- 
ings, and  whose  floors  and  roof  are  constructed  of  heavy  timbers,  covered  with 
plank  of  a  suitable  thickness ;  the  girders  being  supported  between  the  walls 
by  i)osts. 

SOMX:  FEATURES  OF  THE  EARTHQUAKE  AND  FIRE. 

AMOUNT  OF  DESTRUCTION  DUE  TO   THE  EARTHQUAKE  AND   FIRE, 

RESPECTIVELY. 

Within  the  burned  area  all  frame  buildings  and  practically  all 
buildings  with  timber  floors  were  totally  destroyed,  with  all  their 
contents.  This  classification  includes  mill  buildings  and  those  of 
every  other  type  in  which  the  floor  construction  is  combustible. 
Practically  all  the  so-called  fireproof  buildings  were  gutted,  and 
their  contents  were  a  total  loss.  The  average  loss  on  the  buildings  of 
class  A  was,  in  my  judgment,  considerably  in  excess  of  the  average 
loss  on  the  "  fireproof  "  buildings  in  Baltimore.  This  statement  can 
not  be  made  with  absolute  positiveness,  however,  in  the  absence  of  a 
detailed  estimate  of  the  cost  of  repairing  each  building,  which  I  had 
not  time  to  make.  I  am  quite  sure,  however,  that  the  damage  in  San 
Francisco  was  greater  than  it  was  in  Baltimore. 

From  what  was  left  of  the  ruins  themselves,  and  from  the  testi- 
mony of  competent  observers,  including  engineer  officers  who  were 
ordered  into  the  business  district  of  San  Francisco  immediately  after 
the  earthquake  and  before  the  fire  had  destroyed  the  evidences  of 
earthquake  damage,  I  think  it  is  quite  certain  that  the  earthquake 
damage  was  extensive  and  severe.  There  were  no  available  data  on 
which  to  base  an  accurate  estimate,  but  I  formed  a  general  impression 
that  the  damage  done  by  the  earthquake  alone  was  at  least  as  great 
as  10  2)er  cent  of  the  total  damage  by  fire  and  earthquake  combined. 
The  damage  from  the  earthquake,  however,  was  localized  in  a  re- 
markable degree.  In  places  a  group  of  buildings  were  almost  totally 
destroyed,  and  buildings  almost  in  contact  with  them  on  all  sides 
escaped  practically  without  damage,  although  I  feel  quite  sure  that 
many  of  the  wrecked  buildings  were  suj^erior  in  every  way  to  their 
neighbors  which  escaped.  Owing  to  the  remarkable  variation  in  the 
intensity  of  the  shock  from  point  to  point,  thus  demonstrated,  the 
measure  of  damage  done  to  an  individual  building  is  l)y  no  means  a 
measure  of  the  excellencv  or  inferioritv  of  its  construction.  Some 
specific  evidence  on  this  point  is  {)resented  elsewhere  in  this  paper. 

FIRE-FIGHTING    OPERATIONS— THE    USE    OF    DYNAMITE. 

The  fire,  of  course,  completed  the  work  begun  by  the  earthquake. 
(See  Pis.  LIV-LVn.)     The  interruption  of  the  water  supply,  due 
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to  the  breaking  of  the  conduits  and  mains,  left  the  fire  practically  in 
control  of  the  situation.  Some  attempts  were  made  to  stop  its 
progress  with  dynamite,  but  from  what  evidence  I  was  able  to  obtain 
I  doubt  very  much  whether  a  great  deal  was  accomplished  by  this 
means.  It  is  probable  that  at  one  or  two  points  where  the  fire  had 
become  much  less  fierce  its  progress  was  entirely  stopped  by  the  use 
of  dynamite,  but  even  this  much  is  not  certain.  I  am  personally  of 
the  opinion  that  dynamite  might  be  used  so  as  to  check  the  progress 
of  a  conflagration,  but  it  has  never  been  properly  applied  to  that 
purpose  as  yet.  It  seems  probable  that  if  a  strip  of  property,  a  whole 
city  block  in  depth,  extending  across  the  entire  front  of  the  fire,  were 
selected  sufficiently  far  in  advance  to  enable  it  to  be  completely  razed 
by  dynamite  before  the  fire  reached  it  it  would  prove  an  effectual 
barrier,  especially  if  there  were  water  available  to  keep  the  ruins 
thoroughly  wet.  In  the  absence  of  the  water  the  only  way  to  make 
sure  of  the  result  would  be  to  have  an  enormous  number  of  men 
ready,  as  soon  as  the  buildings  were  demolished,  to  move  the  debris 
to  the  side  nearest  to  the  approaching  fire.  It  is  probable  that  the 
ruins  would  be  set  on  fire  by  the  dynamite  itself,  but  with  a  suffi- 
cieijt  number  of  men,  properly  handled,  the  amount  of  combustible 
matter  along  the  side  next  to  unburned  property  might  be  so  mate- 
rially reduced  that  the  fire  would  not  be  able  to  cross  the  gap.  I 
rather  think  that  unless  such  heroic  measures  are  applied  the  use  of 
dynamite  is  just  as  likely  to  do  harm  as  good  in  resisting  the  advance 
of  a  conflagration.  It  will  readily  occur  to  anyone  at  all  familiar 
with  such  things  that  to  get  together  the  requisite  number  of  men 
and  properly  direct  their  work  would  require  full  military  control 
of  the  situation;  otherwise  the  measures  described,  while  not  im- 
possible, would  hardly  be  practicable. 

One  or  two  attempts  were  made,  apparently  with  not  a  great  deal 
of  judgment,  to  dynamite  steel-frame  buildings  that  were  on  fire.  I 
understand  that  the  explosive  was  simply  placed  in  the  basement 
loose,  practically  without  any  tamping,  and  detonated.  The  only 
result  was  to  knock  a  few  basement  columns  off  their  foundations  and 
bring  down  a  portion  of  the  floor  construction  above.  I  doubt 
whether  any  good  results  could  be  obtained  by  trying  to  dynamite  a 
steel-frame  building  as  a  means  of  stopping  the  advance  of  a  fire. 
If,  in  a  strip  of  property  such  as  that  described  above,  any  steel-frame 
buildings  exist,  especially  if  the  frames  are  protected  with  any  sort 
of  fireproofing,  it  is  probable  that  more  good  would  result  from 
allowing  them  to  stand,  while  dynamiting  their  combustible 
neighbors. 

It  would  be  practically  impossible  in  the  time  available  to  demolish 
a  steel  frame  so  completely  that  all  of  the  combustible  debris  could 
be  properly  handled.     It  would  bum  more  freely  and  more  disas- 
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trously  after  dynamiting  than  if  the  building  were  left  intact.'  A 
good  plan  in  such  a  case  would  be  to  remove  all  the  combustible 
contents  of  the  building  before  the  fire  reached  it,  throwing  them  out, 
if  no  other  course  were  open,  on  the  side  next  to  the  advancing  con- 
flagration. Under  such  circumstances  the  average  fireproof  building, 
while  it  might  be  ruined  itself,  would  probably  act  as  a  barrier  to  the 
spread  of  the  flames  beyond  it,  although,  of  course,  it  could  not  pre- 
vent the  fire  from  working  around  the  sides  if  neighboring  com- 
bustible buildings  were  not  removed. 

A  certain  amount  of  damage  in  addition  to  that  caused  by  the  fire 
and  earthquake  was  done  in  San  Francisco  by  the  dynamite  used  to 
blow  down  dangerous  walls.  More  specific  data  on  this  point  are 
presented  in  the  detailed  descriptions. 

TEMPERATURE   OF   THE   BALTIMORE    AND    SAN    FRANCISCO    FIRES. 

• 

The  apparently  more  complete  destruction  by  fire  at  San  Francisco 
than  at  Baltimore  immediately  raises  questions  as  to  the  probable 
temperature  of  the  San  Francisco  fire.  I  noted  everything  coming 
under  my  observation  which  would  seem  to  give  an  idea  as  to  the 
probable  temperature  prevailing,  and  I  am  personally  of  the  opimon 
that  the  San  Francisco  fire  was  appreciably  hotter  than  that  at  Balti- 
more. Thus,  in  places  which  had  been  occupied  by  hardware  stores  I 
saw  kegfuls  of  nails  with  the  wood  all  burned  away,  but  with  the  nails 
still  standing  up  in  a  compact  mass,  retaining  the  shape  of  the  keg, 
owing  to  the  fact  that  they  had  been  partially  welded  together.  In 
other  places  kegfuls  of  nails  which  had  evidently  fallen  at  least  one 
story,  and  possibly  several  stories,  into  the  basement  of  an  adjoining 
building,  had  nevertheless  retained  the  form  and  size  of  the  keg, 
although  some  of  the  nails  were  loosened.  I  also  saw  a  number  of 
cast-iron  radiators  that  were  partially  melted  and  some  cast-iron 
soil-i^ipe  fittings  that  had  been  melted  to  such  an  extent  that  it  was 
not  possible  to  tell  what  sort  of  fittings  they  had  been.  In  some 
cast-iron  columns  which  had  been  softened  and  broken  in  the  fire  the 
raw  edges  of  the  break  were  apprec'iably  rounded  and  blimted,  due 
to  the  incipient  fusion  of  the  metal.  In  the  basement  of  an  iron 
warehouse  I  saw  a  number  of  racks  of  steel  bars  which  had  apparently 
been  precipitated  from  the  first  floor  and  which  were  to  a  consider- 
able extent  welded  together.  The  weld  was  not  perfect,  of  course,  but 
at  some  of  the  points  where  the  welds  occurred  it  would  have  been 
impossible  to  separate  the  bars  without  considerable  damage. 

Glass  of  all  kinds  melted  and  ran  freely.  Lead  sash  weights  melted 
and  ran  out  of  the  window  boxes  before  the  timber  of  tlie  boxes  was 
entirely  consumed.  Several  witnesses,  ainon<i:  tliem  an  enmneer  offi- 
cer,  told  me  that  they  had  observed  this  phenomenon  in  a  number  of 
places.     The  sheet-metal  cases  of  typewriters  and  similar  articles  of 
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sheet  metal,  though  they  showed  no  evidence  of  melting,  had  been 
almost  completely  burned  up,  so  that  they  were  full  of  holes,  and  the 
metal  itself  presented  the  same  appearance  as  iron  that  had  been 
burned  in  a  blacksmith's  forge.  In  the  warehouse  of  the  Waterhouse 
&  Lester  Company,  on  Howard  street,  some  racks  of  steel  bars  were 
precipitated  into  the  basement  when  the  building  collapsed.  These 
bars  were  partially  welded  together  by  heat.  (See  also  PL  LI,  B.) 
In  the  ruins  of  glassware  and  china  stores  the  glass,  as  a  rule,  was 
completely  melted,  and  many  articles  of  porcelain  ware  had  become 
softened  and  distorted  in  all  manner  of  shapes,  indicating  a  high 
temperature,  as  porcelain  is  made  of  very  refractory  material. 

All  things  considered,  I  am  inclined  to  think  that  temperatures 
considerably  in  excess  of  2,000°  F.  were  not  at  all  uncommon  in  the 
San  Francisco  fire,  although  there  were  manifestly,  in  the  burned 
area,  places  where  no  such  temperature  was  reached.  Very  few  office 
buildings  were  subjected  to  such  intense  heat,  except  here  and  there 
in  individual  rooms,  where  there  was  evidence  of  the  storage  of  rec- 
ords or  other  combustible  matter  in  large  quantities ;  but  the  depart- 
ment stores,  dry  goods  stores,  and  other  buildings  of  mercantile 
occupancy  evidently  suffered  from  temperatures  at  least  as  high  as 
2.000°  F.  In  mercantile  buildings  these  high  temperatures  seemed  to 
be  the  rule  and  not  the  exception. 

EARTHQUAKE-   AND    FIRE-RESISTING    QUALITIES    OF 
STRUCTURES   AND   STRUCTURAL  MATERIAIiS. 

EFFECT  OF  FIRE  ON  GOVERNMENT  AND  ••CLASS  A"  COMMERCIAL 

BUILDINGS. 

So  far  as  resistance  to  the  fire  is  concerned,  the  only  buildings  that 
presented  anything  of  interest  were  naturally  the  monumental  public 
buildings  and  the  commercial  fireproof  buildings  of  the  better  class ; 
that  is,  practically  of  class  A.  The  fire  did  not  succeed  in  entering 
the  mint  nor  the  appraisers'  stores.  It  got  into  the  upper  story  of 
the  new  post-office  building  at  one  corner,  and  cleaned  out  a  court 
room  and  its  adjoining  offices ;  but  it  w^as  held  at  this  point,  and  the 
post-office  building  itself  was  not  involved  in  a  fierce  conflagration 
such  as  that  which  ruined  many  of  the  commercial  buildings.  The 
fire  got  into  the  new  city  hall,  and  succeeded  in  wrecking  the  portion 
which  was  not  ruined  by  the  earthquake. 

VAULTS  AND   SAFES. 

In  many  of  the  office  buildings  in  San  Francisco  suites  of  offices 
were  equipped  with  vaults,  some  of  which  were  fairly  capacious  and 
provided  with  doors  of  more  or  loss  efficient  appearance,  a  number  of 
them  having  the  ordinary  vestibule,  with  both  inner  and  outer  doors. 
Where  the  interior  partitions  of  the  building  consisted  of  metal 
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furring,  lathing,  and  plaster,  the  walls  of  the  vaults  were  likewise  of 
these  materials.  Where  the  interior  partitions  consisted  of  hollow 
tile,  the  walls  of  the  vaults  were  of  hollow  tile  also.  Although  I 
examined  a  great  many,  I  did  not  see  a  single  vault  partitioned  off 
either  with  metal  lathing  and  plaster  or  with  hollow  tiles  that  pre- 
served its  contents.  I  was  informed  by  some  gentlemen,  who  were 
apparently  connected  wuth  the  Spring  Valley  Water  Company,  that 
on  the  toj)  floor  of  their  building  a  vault  walled  off  with  hollow  tiles 
had  protected  its  contents,  but  that  the  corner  of  the  building  in 
which  it  was  situated  had  not  been  completely  gutted,  so  that  the 
vault  did  not  receive  a  severe  test. 

In  the  Baltimore  fire  there  were  a  number  of  vaults  walled  off  with 
hollow  tiles,  and  all  that  I  happened  to  see  during  my  inspection  of 
the  ruins  in  Baltimore  had  failed.  The  same  thing  was  in  evidence 
everywhere  in  San  Francisco,  and  it  is  my  opinion  that  this  result 
could  have  been  predicted  with  absolute  certainty  at  the  time  these 
vaults  were  built,  from  data  then  available.  To  all  external  appear- 
ances, no  doubt,  the  vaults  looked  like  secure  places  in  which  to 
keep  valuables;  as  a  matter  of  fact,  they  were  the  flimsiest  kind  of 
shells,  not  capable  of  resisting  any  sort  of  determined  attack  from 
either  fire  or  burglars.  The  tenant  would  have  been  better  off  with- 
out the  vault,  for  in  that  case  he  would  probably  have  carried  his 
papers  to  some  other  point  where  they  would  have  had  a  better 
chance  to  escape  the  fire. 

The  only  vaults  I  saw  that  came  through  a  really  fierce  fire  w^ithout 
damage  were  those  built  of  brickwork  (PI.  LII,  .1).  Even  these 
vaults  did  not  always  protect  their  contents,  however.  I  saw  a  num- 
ber of  them  opened  in  which  the  contents  had  been  totally  destroyed. 
As  they  seemed  to  be  fairly  good  vaults,  this  result  was  a  matter  of 
more  than  ordinary  interest.  I  therefore  carefully  examined  a  num- 
ber of  them  and  discovered  that  the  fire  had  gained  access  through 
cracks  due  to  settling,  or  to  the  earthquake,  or  else  through  unfilled 
joints,  due  to  poor  workmanship  in  the  original  construction  of  the 
vault.  It  appeared  that  probably  the  contents  of  the  building  were 
burning  fiercely  around  the  vault  before  the  floor  above  had  burned 
out  or  collapsed,  so  as  to  give  full  vent  to  the  gases  of  combustion. 
Some  pressure  must  have  been  generated  by  the  great  heat  thus 
confined,  and  under  this  pressure  the  incandescent  gases  resulting 
from  the  fire  found  their  way  through  the  smallest  and  most  tor- 
tuous passages  in  the  brickwork.  In  several  cases  it  was  apparent 
that  the  contents  had  probably  been  ignited  by  a  small  tongue  of 
flame  (probably  not  thicker  than  a  lead  pencil)  penetrating  into  the 
vault  as  a  result  of  such  conditions. 

A  few  vaults  failed  owing  to  the  fact  that  the  outer  door  warped 
and  pulled  away  from  the  frame.     Whether  this  warping  could  have 
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been  prevented  with  an  adequate  number  of  bolts  I  do  not  know,  but 
in  an  important  vault  it  would  seem  worth  while  to  have  the  outer 
door  at  least  filled  in  the  same  manner  as  the  door  of  a  fireproof  safe. 
If  it  were  built  in  this  way  it  would  probably  not  warp — at  least 
not  enough  to  let  the  fire  in. 

To  judge  from  the  safes  which  I  saw  opened,  very  nearly  three- 
fourths  of  the  safes  in  the  San  Francisco  fire  failed  to  protect  their 
contents  (PL  LII,  \S),  and  as  a  result  the  loss  of  valuable  papers 
and  records  must  have  been  verv  extensive. 

BEHAVIOR  OF  STRUCTURAL  MEMBERS  AND  MATERIALS. 

The  commercial  fireproof  buildings  in  San  Francisco,  in  my  judg- 
ment, suffered  considerably  more  damage  than  corresponding  build- 
ings in  the  Baltimore  conflagration.  In  the  San  Francisco  fire,  for 
the  first  time,  the  coUaj^se  of  protected  steel  frames,  due  to  the 
destruction  of  the  fireproof  covering  at  a  comparatively  early  stage 
in  the  fire,  was  a  matter  of  common  occurrence.  Practicallv  all  of 
the  floor  construction  in  fireproof  buildings  in  San  Francisco  consisted 
either  of  hollow  terra-cotta  flat  arches  or  of  reenforced-concrete  slabs, 
carried  on  steel  floor  beams.  In  a  few  buildings  steel  columns  and 
girders  were  used,  with  reenforced-concrete  beams  and  slabs  covering 
the  space  between  the  girders.  Steel  girders  were  more  generally 
protected  with  metal  lathing  and  plaster,  or  with  solid  concrete  fill- 
ing, than  with  anything  else,  but  terra-cotta  covering  was  also  used 
to  a  considerable  extent.  The  lower  flanges  of  beams  were  in  some 
buildings  unprotected;  in  others  they  were  covered  with  metal  lath- 
ing and  plaster;  and  in  still  others  (a  rather  general  practice),  there 
was  a  ceiling  composed  of  light  furring  angles  and  metal  lathing, 
fastened  below  the  floor  construction  and  plastered.  Most  of  the  steel 
beams  and  girders  in  the  floor  construction  had  no  other  protection 
for  their  lower  flanges  than  this  furred  ceiling,  even  where  the  webs 
were  protected  by  a  solid  concrete  filling. 

Columns  were  generally  protected  in  one  of  three  different  ways, 
as  follows : 

1.  With  hollow  tiles  adapted  to  either  a  circular  or  square  section, 
the  webs  being  about  five-eighths  of  an  inch  thick,  and  the  total 
thickness  of  the  tile,  including  webs  and  hollow  space  within,  being 
about  2J  or  3  inches.  The  tiles  were  from  12  to  18  inches  in  length 
and  about  12  or  15  inches  wide. 

2.  With  metal  lathing  and  plaster  surrounding  the  colunui,  so  as 
to  leave  an  air  space  of  about  1  or  1 J  i^^ches. 

3.  With  a  solid  covering  of  concrete  from  2  to  4  inches  thick. 

In  addition  to  this  protection  the  columns  in  the  walls  were  gener- 
ally covered  with  4  inches  of  brickwork,  and  in  one  building  there  was 
a  double  covering  of  metal  lathing  around  isolated  columns,  the 
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inner  covering  having  one  coat  of  plaster  applied  and  the  outer 
covering  having  the  full  two  or  three  coats  required  for  the  finishing, 
as  the  case  might  be. 

In  a  general  way,  practically  none  of  the  column  protection  in 
San  Francisco,  except  the  4-inch  brick  covering,  was  adequate.  The 
coverings  of  terra  cotta  and  of  metal  lathing  and  plaster  failed  abso- 
lutely. Although  there  were  a  great  many  individual  columns  pro- 
tected with  other  coverings  which  suffered  only  small  damage,  the  num- 
ber in  which  the  protection  completely  failed  was  so  great  that  the 
statement  is  entirely  justified  that  practically  all  the  coverings  were 
wholly  inadequate  to  resist  any  real  fire  test.  The  wall  columns 
covered  with  4  inches  of  brickwork  were,  except  in  one  building, 
fairly  well  protected,  so  far  as  I  was  able  to  determine.  None  of  the 
columns  covered  with  cinder  concrete  suffered  any  serious  damage, 
but  there  were  not  many  columns  protected  in  this  way.  Of  the  three 
buildings  in  which  I  particularly  noticed  such  covering,  two  had 
evidently  not  experienced  any  great  heat.  In  the  third  a  column 
covered  with  4  inches  of  cinder  concrete  had  undoubtedly  been  sub- 
jected to  a  heat  that  was  very  intense.  The  concrete  covering  was 
seriously  damaged;  the  column,  however,  had  not  suffered.  This 
case  is  descril)ed  on  page  79. 

Interior  partitions  in  San  Francisco  were  built  almost  entirely  of 
hollow  tiles  similar  to  those  used  for  making  square  coverings  on 
columns,  or  else  of  light  metal  studs  covered  with  metal  lathing  and 
plaster.  A  few  were  built  of  brickwork.  In  a  general  way  it  may  be 
said  that  practically  all  the  interior  partitions  that  were  not  built  of 
brickwork  were  a  total  loss,  Inung  absolutely  inadequate.  In  my 
judgment,  the  burning  of  the  contents  of  a  single  well-filled  office 
room  would  have  developed  in  the  majority  of  buildings  enough  heat 
to  get  through  the  surrounding  partitions. 

The  furred  ceilings  already  di^scribed  AVere  also  very  largely  a  loss. 
In  buildings  that  had  been  occupied  for  ordinary  office  purposes, 
probably  not  more  than  *20  j)er  cent  of  the  furred  ceilings  absolutely 
came  down;  the  remaining  80  per  cent  stayed  in  place,  with  complete 
loss  of  the  j)lasler,  the  metal  furring  and  lathing,  however,  being  in 
shai^e  to  use  again  with  only  minor  repairs.  Hut  wherever  the 
amount  of  combustible  matter  was  evidently  greater  than  that  ordi- 
narily found  in  offices,  the  entire  furred  ceiling — ni(»tal  lathing,  fur- 
ring strips,  and  all — came  down  bodily  and  was  a  total  loss. 

So  far  as  I  was  able  to  determine,  the  earthciuake  did  not  cause  the 
collapse  of  any  of  the  floor  construction  or  partitions  in  any  of  the 
fireproof  buildings,  but  it  nnist  have  shaken  a  good  many  of  the 
partitions  badly,  so  that  their  destruction  by  fire  was  rendered  some- 
what more  easy.  The  earthquake  damage,  however,  only  hastened 
the  result.     Partitions  of  the  kind  that  were  used  in  San  Francisco 
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are  not  fireproof,  and  a  very  hot  fire  will  invariably  destroy  them, 
notwithstanding  the  fact  that  they  are  made  of  noncombustible 
material.  I  had  rather  expected  to  find  that  some  damage  had  been 
done  by  the  earthquake  to  floors  made  of  hollow  tiles  or  brick  arches. 
That  no  such  damage  occurred  was  a  matter  of  some  surprise,  and 
indicates  that  the  vertical  component  of  the  undulation  was  not  very 
great.  It  is  probable  that  the  earthquake  caused  some  cracks  to 
appear  in  the  floors,  but  I  did  not  see  any  which  could  with  certainty 
be  ascribed  to  this  cause.  It  was  also  a  matter  of  some  surprise  that 
some  of  the  partitions  were  not  shaken  down  by  the  earthquake,  con- 
sidering the  ease  with  which  the  fire  destroyed  them. 

So  far  as  fire  damage  was  concerned,  the  floor  systems  in  San  Fran- 
cisco stood  better  than  any  other  portion  of  the  fireproof  buildings, 
although  they  did  not  stand  very  well,  at  that.  The  lower  webs 
came  off  from  the  hollow-tile  floor  arches  in  the  same  way  that  they 
did  at  Baltimore,  but  to  a  very  much  greater  extent.  The  cinder- 
concrete  floor  slabs  in  many  buildings  were  protected  for  a  time  by 
the  furred  ceilings  previously  described.  Wliere  the  ceilings  failed 
at  an  early  stage,  or  where  there  had  been  no  such  ceilings,  the  dam- 
age to  the  concrete  floor  slabs  was  very  apparent.  The  concrete  was 
dehydrated  to  a  certain  extent  on  its  lower  surface,  and  in  many  of 
the  slabs  the  reenforcement  had  become  so  hot  that  there  was  a  per- 
manent deflection  of  greater  or  less  extent,  accompanied  by  cracks  on 
the  lower  side  in  the  middle  of  the  span. 

Just  how  much  damage  was  done  by  the  fire  to  cinder-concrete  slabs 
was  a  little  difficult  to  determine,  for  the  reason  that  most  of  the  cin- 
der concrete  used  in  San  Francisco  was  evidently  a  very  inferior 
article  in  the  first  place.  There  was  no  doubt  in  my  mind,  however, 
that  the  concrete  near  surfaces  which  had  been  exposed  to  the  fire 
showed  deterioration,  as  compared  with  that  which  had  not  been  ex- 
posed to  the  fire,  although  it  was  all  so  poor  that  there  was  not  much 
room  for  difference  in  quality.  I  saw  reenforced-concrete  floor  slabs, 
some  of  cinders  and  some  of  stone,  which  were  on  the  point  of  col- 
lapse from  heat  alone,  although  they  had  not  quite  let  go. 

I  also  saw  a  number  of  terra-cotta  floor  arches  which  had  totally 
collapsed.  Some  of  these  showed  evidence  of  damage  by  masses  fall- 
ing from  above,  but  in  others  the  collapse  seemed  to  have  been  due  to 
heat  alone. 

Girder  and  beam  protection  was  a  little  more  efficient  than  the 
column  coverings,  but  it  was  not  adequate.  Its  weakness  was  not 
fully  developed,  because,  in  many  places  where  the  necessary  heat 
existed,  the  columns  failed  first  and  let  down  the  floors,  so  that  it 
was  not  possible  to  say  how  much  of  the  damage  to  the  floor  members 
was  due  to  heat  alone.  In  a  general  way,  however,  it  may  Ix*  said 
that  girder  coverings  of  metal  lath  and  plaster  were  wholly  inade- 
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quale,  those  of  hollow  tiles  suffered  serious  damage,  and  thbse  of 
solid  concrete  failed  a  little  more  commonly  than  they  should, 
although  they  were  the  best  of  all.  Many  girders  that  had  been 
covered  with  metal  lath  and  plaster  were  badly  warped  and  deflected, 
and  some  wholly  collapsed,  from  the  heat  alone.  Many  beams  were 
seriously  deflected  from  the  heating  of  exposed  lower  flanges. 

I  was  not  able  to  learn  that  any  serious  damage  had  been  done 
to  column  coverings  by  the  earthquake.  In  some  buildings  columns 
which  had  not  been  exposed  to  much  heat  happened  to  be  standing 
with  their  covering  absolutely  intact,  while  another  column  not  far 
away  in  the  same  story  of  the  building  and  evidently  subjected  to 
an  intense  heat  had  not  only  lost  its  covering,  but  had  itself  been 
practically  destroyed  by  the  fire.  In  no  such  case  was  I  able  to  dis- 
cover any  evidence  of  earthquake  damage  in  the  covering  that  was 
intact,  and  there  was  nothing  to  indicate  that  one  column  might 
have  had  its  covering  damaged  by  the  earthquake,  while  its  neighbor 
escaped.  More  detailed  information  relative  to  fire  damage  is  pre- 
sented in  the  discussion  of  the  individual  buildings  (pp.  76-108). 

The  earthquake  did  a  great  deal  of  damage,  which  could  easily  be 
differentiated  from  that  due  to  the  fire.  As  a  rule  brickwork  in  San 
Francisco  was  laid  in  lime  mortar  or  in  lime  mortar  gaged  with  a 
small  amount  of  Portland  cement,  ^^lierever  such  masonry  was  sub- 
jected to  serious  earthquake  shocks  it  was  very  badly  shattered. 
Much  of  it  came  down  in  the  ruins,  and  much  of  that  which  remained 
in  place  was  reduced  to  a  loose  pile,  without  any  adhesion  betw^een 
the  mortar  and  the  bricks.  The  bricks  in  general  were  more  or  less 
misplaced  even  where  they  did  not  come  down,  and  many  of  them 
were  broken.  Where  brickwork  was  solidly  laid  up  in  good  Portland- 
cement  mortar,  if  the  earthquake  shock  induced  stresses  sufficient  to 
damage  it,  the  damage  generally  appeared  in  the  form  of  well-defined 
cracks,  which  could  have  been  easily  pointed  up,  so  as  to  leave  the 
wall  almost  as  good  as  it  was  before. 

Well-executed  stone  masonry  subjected  to  earthquake  shocks 
showed,  in  many  places,  considerable  slipping  of  the  individual 
stones,  the  adhesion  between  the  stones  and  the  mortar  having  been 
destroyed.  Here  and  there,  where  the  strength  of  the  mortar  ap- 
proached that  of  the  stone,  the  stone  itself  was  badly  shattered  and 
cracked.  Where  the  wall  ran  in  the  direction  in  which  the  undulation 
seems  to  have  been  propagatinl,  it  generally  showed  an  X-shaped 
crack  (PI.  XXII,  rl),  the  legs  of  the  X  crossing  the  aflected  area  in 
a  diagonal  direction.  Where  the  masonry  was  very  good  these  cracks 
were  the  only  apparent  damage,  but  where  it  was  not  so  good  the  indi- 
vidual stones,  bricks,  or  tiles,  as  the  case  might  l)e,  had  been  loosened 
from  their  beds  and  broken,  so  that  the  entire  mass  was  shattered, 
although  in  many  places  still  standing. 
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In  steel-frame  buildings  put  up  in  the  ordinary  way,  without  any 
special  bracing,  most  of  the  earthquake  effect  was  localized  in  piers 
between  windows,  as  if  a  horizontal  force  had  been  applied  to  the 
floor  above,  tending  to  slide  it  with  reference  to  the  floor  below.  As 
this  effect  occurred  in  both  directions,  the  piers  referred  to  were  gen- 
erally marked  with  X-shaped  cracks,  and  in  addition  the  masonry 
was  apt  to  be  very  much  shattered.  There  seemed  to  be  no  general 
rule  as  to  the  place  where  this  shattering  effect  occurred.  In  some 
buildings  the  piers  in  the  one  or  two  stories  near  the  middle  of  the 
height  of  the  building  seemed  to  have  suffered  the  most;  in  others,  the 
piers  nearer  to  the  roof.  One  tall  building,  which  extended  far  above 
its  neighbors,  was  seriously  damaged  in  practically  every  story  above 
the  neighboring  buildings. 

It  was  apparent  that  in  some  buildings  the  shock  was  so  severe  that 
probably  no  structure,  however  well  built,  could  have  withstood  it 
absolutely  without  damage.  It  was  equally  apparent,  however,  that 
such  great  exhibitions  of  energy  were  confined  to  small  areas,  and 
that  it  would  be  possible  to  put  up  buildings  in  San  Francisco  which 
would  come  through  a  similar  earthquake  with  very  little  damage 
except  to  individual  buildings  here  and  there. 

Hollow-tile  work  seemed  to  be  badly  shattered  by  the  earthquake 
in  a  great  many  places.  Well-executed  stone  masonry,  as  a  rule, 
stood  better  than  brickwork.  Brickwork  built  with  good  hard  bricks, 
laid  in  Portland-cement  mortar,  stood  better  than  that  built  with 
inferior  bricks  or  inferior  mortar. 

Of  all  the  structures  which  were  manifestly  exposed  to  severe  shock 
the  concrete  buildings  at  Palo  Alto  stood  best.  It  would  seem 
to  be  a  general  rule  that  increased  tensile  strength,  even  in  a  brittle 
material,  greatly  increased  the  resistance  to  earthquake  shock.  The 
height  above  the  ground  at  which  the  damage  was  greatest  appeared 
to  be  largely  a  function  of  the  distribution  of  mass  in  the  structure 
itself,  combined  with  the  distribution  of  the  bracing.  If  the  base  of  a 
tall  steel-frame  building  were  subjected  to  a  vibration  tending  to  tilt 
it,  manifestly  some  time  would  be  required  to  set  the  upper  part  of  the 
building  in  motion.  As  the  vibration  evidently  occurred  in  both 
directions,  there  would  be  a  reversal  of  motion  before  the  upper  part 
of  the  building  had  responded  to  the  first  impulse.  Under  these  cir- 
cumstances there  would  be  established  somewhere  a  center  of  oscilla- 
tion, where  very  severe  stress(»s,  due  to  the  acceleration  of  the  superin- 
cumbent mass,  would  be  largely  concentrated. 

It  might  have  been  supposed  that  most  of  the  destructive  effect  of 
such  action  would  be  manifested  at  the  joints  in  a  steel-frame  build- 
ing; but  around  the  joints  are  concentrated  the  ends  of  the  floor 
beams  and  girders,  together  with  the  floor  construction,  and  at  the 
level  of  these  joints  is  the  only  portion  of  the  walls  which  is  per- 
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fectly  solid.  The  shafts  of  the  cohimns  at  about  midstory  height  are 
therefore  less  efficiently  braced  than  the  portions  on  a  level  with  the 
floors.  Moreover,  it  is  probable  that  the  play  in  the  connections  of  the 
steel  work  at  the  floor  level  would  permit  a  little  motion  here  with- 
out any  damage,  provided,  in  the  meantime,  the  bracing  at  mid- 
story,  due  to  the  masonry,  is  sufficient  to  preserve  the  structure  from 
collapse ;  thus  the  connections  would  escape  without  material  damage. 
As  a  matter  of  fact,  some  such  action  seems  to  have  taken  place. 
There  was  very  little  damage  at  the  points  where  the  steel  work  was 
fastened  together ;  at  least,  very  little  that  was  apparent. 

The  failure  of  the  masonry  in  the  piers  seems  to  have  prevented 
the  columns  from  being  broken  across  in  the  middle  or  permanently 
deflected.  It  is  an  interesting  speculation  how  near  some  of  the 
unbraced  steel-frame  buildings  were  to  total  collapse  under  the 
stresses  above  described.  In  my  judgment  many  of  them  were  a 
little  too  near  for  safety.  I  saw  a  number  of  field  bolts  or  rivets 
that  I  thought  had  probably  been  sheared  by  the  earthquake,  but  as 
to  most  of  them  I  was  not  sure  that  they  had  ever  been  in  place.  In 
one  or  two  instances,  however,  the  earthquake  effect  was  indisputable. 

As  it  is  very  difficult  to  discuss  the  earthquake  effect  in  a  general 
way,  however,  it  will  be  taken  up  further  in  connection  with  the  sub- 
joined detailed  description  of  the  effect  of  the  earthquake  and  fire 
on  individual  buildings  in  San  Francisco. 

BEHAVIOR   OF  INDIVIDUAL   STRUCTURES. 
AC^ADEMY    OF    SCIENCES    BU1L1)IN(J. 

The  Academy  of  Sciences  building,  on  Market  street,  was  interest- 
ing because  of  its  interior  construction.  This  building  had  cast- 
iron  concrete-filled  columns  and  Ransome  reen  forced -concrete  floor 
construction.  So  far  as  it  was  possible  to  ascertain,  no  damage  was 
done  to  the  reen  forced  concrete  or  to  the  columns  by  the  earthquake. 
The  building  was  gutted  and  the  floors  considerably  damaged  by  the 
fire,  but  the  columns  were  not  damaged,  and  on  the  whole  the  build- 
ing stood  very  well.  A  very  good  view  of  this  building  was  given 
in  the  Engineering  News  of  June  7, 190G,  page  023.  (See  Pis.  XXIV, 
.1;  XXV,  B.) 

.KTNA    (yOI'NC;,  or  COMMlSSARv)    Bl  ILDINO. 

The  steel-frame  structure  at  the  corner  of  Spear  and  Market 
streets,  locallv  known  as  the  "  conunissarv  bnildinff/'  because  it  was 
said  to  have  been  erected  originally  with  a  view  to  furnishing  offices 
for  the  Commissary  Department  of  the  Army,  rests  upon  piles, 
and    suffered    relatively    small    damage    from    the    earthquake.     PL 
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XXV,  A,  shows  the  corner  of  the  building  and  the  subsidence  of 
the  street  at  this  point.  The  inlet  at  the  corner  indicates  the  original 
level  of  the  street.  There  was  a  vault  under  the  Market  street  side- 
walk, immediately  behind  the  wall  at  the  curb  line.  The  basement 
floor  in  this  vault  was  of  concrete  and  had  a  total  thickness  of  7  or  8 
inches.  The  earthquake  caused  the  earth  to  bulge  up  in  the  portion 
of  the  basement  under  the  sidewalk,  rupturing  the  concrete  floor 
and  turning  it  up  on  its  edge,  so  that  where  there  had  previously 
been  a  clear  headroom  of  7^  feet  the  highest  point  of  the  bulge  was 
within  3^  feet  of  the  beams  carrying  the  sidewalk.  The  columns 
were  of  steel,  protected  with  expanded  metal  and  plaster.  The 
girders  were  of  steel  and  the  space  between  them  was  spanned  by 
reenforced-concrete  construction.  The  reenforced-concrete  beams 
were  formed  on  the  lower  edge  by  a  curved  piece  of  flat  steel  (PL 
XXIX,  B).  The  concrete  floor  construction  was  damaged  by  the 
heat  to  such  an  extent  that  a  heavy  load  of  sheet  iron  on  the  third 
floor  broke  through,  though  it  did  not  fall  through  bodily.  The 
expanded  metal  that  was  used  for  reenforcing  the  slabs  from  rib  to 
rib  evidently  got  hot  and  was  ruptured  at  this  point. 

The  cinder  concrete  used  in  the  floor  construction  of  this  building 
was  badly  damaged  by  the  heat,  although  the  heat  could  not  have 
been  very  intense,  as  otherwise  the  ribs,  with  their  exposed  metal 
reenforcement,  must  have  failed.  Moreover,  the  girders  did  not  have 
their  lower  flanges  protected,  yet  they  remained  straight.  A  great 
many  of  the  ribs,  however,  were  deflected  very  considerably,  but, 
owing  to  the  fact  that  they  were  curved  to  begin  with,  this  deflection, 
due  to  the  fire  damage,  was  not  very  apparent.  The  columns  them- 
selves were  practically  uninjured,  although  the  column  covering  was 
severely  damaged,  and  will  probably  have  to  be  totally  renewed. 
There  were  some  terra-cotta  partitions,  terra-cotta  furring,  and  furred 
ceilings  in  this  building,  all  of  which  totally  failed.  The  brick  wall 
at  the  west  side  of  the  building  exhibited  some  earthquake  cracks, 
and  at  a  number  of  places  the  brickwork  spalled  under  the  heat. 

appraisers'  warehouse. 

The  appraisers'  warehouse  was  a  very  heavy  structure,  built  on  the 
old-fashioned  monumental  plan.  (PL  XXVIII,  A.)  It  was  entirely 
of  brickwork,  with  some  stone  trimmings,  and  the  exterior  brick- 
work was  laid  with  full  header  courses.  It  was  practically  undam- 
aged by  the  earthquake,  the  chimney  even  being  left  standing,  and  the 
fire  did  not  get  into  it.  It  is  probable  that  the  shock  at  the  site  of 
this  building  was  not  so  severe  as  it  w^as  at  some  other  places,  or  the 
chimneys,  at  any  rate,  would  have  been  thrown  down.  The  building 
itself  shows  a  very  few  slight  cracks,  which  may  have  been  due  to 


78  THE    SAN    FRANCISCO    EARTHQUAKE    AND    FIRE. 

ordinary  settling  and  not  at  all  to  earthquake.  Mr.  Roberts,  the  local 
representative  of  the  Supervising  Architect's  Office,  informed  me  that 
during  the  construction  of  the  building  there  had  been  some  unequal 
settling,  so  that  one  end  was  about  IJ  inches  lower  than  the  other, 
but  that  this  settling  had  been  at  a  uniform  rate  from  one  end  to  the 
other,  so  that  it  had  caused  practically  no  damage.  On  the  interior 
there  were  many  solid  brick  partitions,  with  some  unprotected  cast- 
iron  columns.  The  floor  construction  was  of  steel  or  iron  beams 
and  segmental  brick  arches  with  a  span  of  3  to  6  feet. 

It  is  worthy  of  note  that  immediately  after  the  earthquake  and 
fire  three  of  the  very  few  buildings  in  the  burned  district  which  were 
absolutely  open  and  ready  for  business  in  every  particular  were  the 
post-office,  the  mint,  and  the  appraisers'  warehouse.  The  massive 
construction  used  in  these  Government  buildings  would  appear  to 
have  been  a  very  good  investment. 

ARONSON    BUILDING. 

The  ordinary  ten-story  steel- frame  structure  at  the  corner  of  Third 
and  Mission  streets  known  as  the  Aronson  Building  had  terra-cotta 
column  coverings  and  partitions  and  cinder-concrete  floors,  all  of 
which  were  of  the  types  described  in  this  paper  as  common  in  com- 
mercial buildings.  The  building  seems  to  have  been  occupied  for 
light  commercial  purposes,  and  the  fire  test  to  which  it  w^as  subjected 
was  therefore  somewhat  more  severe  than  that  prevailing  in  office 
buildings. 

A  column  in  the  basement  w^as  buckled,  and  two  of  the  columns  on 
the  first  floor  were  badly  buckled  near  the  ceiling,  as  shown  in  PI. 
XXVII,  B,  These  results,  so  far  as  the  condition  of  the  fireproofing 
is  concerned,  are  typical  not  only  of  tlie  other  stories  of  the  Aronson 
Building,  but  of  similar  work  in  other  buildings  throughout  the 
burned  district.  Some  of  the  work  in  the  Aronson  Building  was  not 
severelv  tested  by  the  fire  and  was  still  intact.  An  examination  of  it 
shows  that  it  was  as  well  done  as  similar  work  in  anv  other  commer- 
cial  building  in  San  Francisco.  Where  the  fire  was  not  very  hot  this 
kind  of  fireproofing  protected  the  steel  and  suffered  not  more  than  10 
or  15  per  cent  of  damage  itself;  where  the  fire  reached  the  average 
temperature  the  fireproofing  sufl'ered  a  loss  of  50  to  100  per  cent,  and 
where  the  fire  was  a  little  hotter  than  the  average  the  total  loss  of  the 
fireproofing  and  serious  damage  to  the  steel  work  was  not  at  all 
uncommon.  Damage  to  fireproofing  such  as  that  here  described 
occurred  in  the  James  Flood  Building,  the  P]ni{)oriuin  Building,  the 
building  of  the  Spring  Valley  Water  Company,  the  Mills  Building, 
and  every  other  building  in  which  hollow  tiles  were  used. 

The  buckled  column  in  the  basement  was  about  the  worst  example 
of  this  sort  of  damage  that  I  discovered,  although  I  am  inclined  to 
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think  that  in  one  or  two  other  buildings  in  which  there  was  a  general 
collapse  of  the  steel  superstructure  worse  columns  than  this  one  could 
have  been  found  under  the  debris.  The  debris  was  not  cleared  awav 
while  I  was  in  San  Francisco,  so  I  had  no  opportunity  to  see  the  con- 
dition of  many  columns  that  had  evidently  failed. 

The  basement  of  the  Aronson  Building  was  divided  into  several 
rooms  by  hollow-tile  partitions.  The  room  in  which  the  buckled 
column  was  located  had  evidently  contained  an  enormous  amount  of 
paper  in  some  form  or  other,  and  the  heat  generated  must  have  been 
very  intense.  The  fire  broke  through  the  hollow-tile  partition  which 
separated  this  room  from  the  adjacent  one,  but  there  was  very  little 
that  was  combustible  in  the  latter,  and  the  column  standing  there  had 
its  fireproof  covering  entirely  intact.  Examination  showed  that  the 
work  in  this  building  was  neither  better  nor  worse  than  the  average 
of  similar  work  anvwhere  else  in  the  San  Francisco  commercial  build- 
ings.  A  plain  and  inevitable  inference  is  that  wherever  such  work 
was  practically  undamaged  the  fire  test  Avas  not  at  all  severe. 

In  the  same  j^art  of  the  basement  as  that  in  which  the  above- 
mentioned  column  was  situated — that  is,  under  the  Third  street  wall 
of  the  building — there  were  two  columns  covered  with  cinder  concrete. 
The  concrete  covering  on  one  column  made  a  very  large  and  heavy 
pier;  on  the  other  it  was  about  4  inches  thick.  It  was  apparent 
that  the  heat  in  this  front  portion  of  the  room  was  not  quite  as 
severe  as  it  was  farther  back,  where  the  buckled  column  was.  Not 
only  was  there  very  much  less  evidence  of  fire  in  the  Avay  of  ashes, 
etc.,  but  the  general  indications  pointed  to  a  considerably  lower  tem- 
perature— although  the  heat  at  this  point  was  very  severe,  neverthe- 
less. The  larger  cinder-concrete  pier  was  evidently  damaged  to 
some  extent  by  the  heat.  The  cement  had  apparently  been  dehy- 
drated to  a  depth  of  one-fourth  to  three-eighths  of  an  inch  on  the 
flat  surface,  and  to  a  greater  depth  at  the  corners.  The  other  pier 
showed  more  evidence  of  intense  heat.  It  stood  opi^osite  the  middle 
of  the  room,  where  there  seems  to  have  been  the  greatest  accumula- 
tion of  combustible  matter.  When  I  first  saw  this  (jolumn  the  cinder 
concrete  was  dead  and  friable  to  a  depth  of  nearly  an  inch.  How 
much  of  this  was  due  to  original  poor  quality  and  how  much  to  the 
action  of  the  fire  was  difficult  to  determine,  but  fire  damage  was 
very  evident.  This  pier  showed  on  the  surface  a  number  of  longitu- 
dinal cracks  running  from  top  to  bottom,  indicating  that  there  had 
been  a  tendency  for  the  concrete  to  fail  and  come  off  under  the  ex- 
pansion stresses.  At  a  later  inspection  a  part  of  the  concrete  covering 
of  this  column  had  been  knocked  off,  and  it  then  l)ecame  apparent  that 
the  cracks  above  referred  to  had  extended  entirely  in  to  the  surface*  of 
the  column  itself,  and  enough  heat  had  got  in  to  partly  burn  off  the 
paint  along  the  inner  edges  of  the  cracks. 
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The  stairways  in  this  building  had  apparently  been  partitioned 
off  by  hollow-tile  partitions,  but  these  were  totally  wrecked,  and  the 
stairways  were  in  such  condition  that  it  was  only  with  great  diffi- 
culty and  by  going  on  all  fours  that  they  could  be  used  to  reach  the 
upper  story.  In  the  west  wall  of  this  building  I  saw  the  remains  of  a 
wire-glass  window,  with  metal  sash  and  frame,  which  had  been  prac- 
tically destroyed  by  the  heat — probably,  however,  as  a  result  of  a 
simultaneous  attack  by  the  fire  from  both  sides.  Wire  glass  seems 
to  have  done  some  good  service  in  other  buildings  in  San  Francisco, 
although  in  the  Merchants'  Exchange,  as  in  the  Aronson  Building, 
it  failed  completely,  so  that  a  constructing  engineer,  who  had  drawn 
his  conclusions  entirely  from  what  he  saw  in  the  Merchants.'  Ex- 
change, was  disposed  to  condenm  wire  glass  outright. 

BULLOCK    <fe    JONES   BUILDING. 

The  steel-frame  Bullock  &  Jones  Building  was  faced  with  orna- 
mental terra  cotta,  with  hollow-tile  column  covering  and  reenforced- 
concrete  slabs  which  were  haunched  on  the  beams,  the  slab  reenforce- 
ment  apparently  not  being  continuous  over  the  tops  of  the  beams. 
Some  of  the  floor  slabs  collapsed,  and  the  column  coverings  failed 
entirely.  Two  columns  in  the  third  story  had  buckled  in  the  same 
way  the  columns  buckled  in  the  Aronson  Building.  This  building 
was  rather  more  flimsy  even  than  the  average  commercial  building, 
and  the  fire  nearly  brought  it  down.  PL  XXVI,  .1,  is  an  interior 
view  showing  the  buckled  columns  in  the  second  story.  It  will  bo 
observed  that  pij)es  were  run  up  inside  of  the  column  coverings. 
Where  similar  conditions  existed  in  Baltimore  it  was  maintained  by 
those  interested  in  the  particular  system  of  column  covering  used 
that  the  pij^es  had  got  hot,  expanded,  and  thrown  the  covering  off. 
My  own  opinion  was  and  is  that  the  covering  must  have  failed  fii*st, 
otherwise  the  pipe  would  not  liave  become  hot.  It  may  be  that  after 
the  covering  had  ])artially  failed,  the  pipe  got  hot  and  completed  the 
destruction,  but  if  the  covering  had  Ix^en  efficient  to  begin  wnth, 
there  would  have  been  no  trouble  with  the  pipe. 

A  comparison  of  the  conditions  in  the  Bullock  &  Jones  Building 
with  those  shown  in  other  views — for  example,  in  the  illustrations 
of  the  Aronson  Building — is  sufficient  to  justify  tlie  opinions  herein 
expressed.  PI.  XXVI,  ^i,  shows  that  one  of  the  panels  of  the  floor 
system  had  collapsed.  My  examination  of  the  Bullock  &  Jones 
Building  indicated  that  the  reen forced-concrete  floor  construction 
was  haunched  on  the  lower  flanges  of  the  floor  beams.  The  photo- 
graph confirms  this  observation,  as  will  be  seen  by  examining  the 
naked  floor  beam  which  appears  in  the  lower  left-hand  portion  of 
the  view.     The  reenforcement  of  a  floor  slab  should  always  be  con- 


BEHAVIOR   OF   INDIVIDUAL   STRUCTURES.  81 

tinuous  over  the  top  of  the  beam ;  otherwise  the  construction  is  noth- 
ing but  an  arch,  and  develops  the  thrust  to  be  expected  of  an  arch. 
Moreover,  as  a  rule,  tie-rods  are  omitted  when  reenforced-concrete 
floor  slabs  are  used,  and  it  w  as  naturally  to  be  expected  that  reen- 
forced-concrete floor  slabs  of  this  type  would  collapse  to  some  extent ; 
the  wonder  is  that  they  did  not  collapse  to  a  greater  extent  in  the 
Bullock  &  Jones  Building.  The  fire  damage  to  ornamental  terra 
cotta  in  this  building  was  very  conspicuous. 

CALL    BUILDING. 

Of  all  the  commercial  buildings  in  San  Francisco,  by  far  the  most 
interesting  was  that  known  as  the  Call  (or  Spreckels)  Building,  at 
the  corner  of  Third  and  Market  streets.  This  building  is  remarkable 
for  the  care  and  skill  shown  in  the  design  of  its  steel  work.  It  is  a 
steel-frame  building,  all  the  walls,  floors,  partitions,  etc.,  being  car- 
ried on  steel  work.  It  has  15  main  stories,  in  addition  to  the  stories 
in  the  dome,  or  cupola,  and  rests  upon  a  continuous  foundation  com- 
posed of  concrete  reenforced  with  steel  beams.  The  building  proper 
is  about  75  feet  square,  but  the  foundation  is  about  90  by  110  feet, 
and  was  carried  to  a  depth  of  about  25  feet  below  the  sidewalk  level. 
A  fairly  complete  and  satisfactory  description  of  this  building  was 
published  in  the  Engineering  Record  of  April  9  and  16,  1898. 

In  the  first  four  stories  above  the  street  the  bents  of  the  steel  work 
adjacent  to  the  four  corners  of  the  building  on  each  side  were  braced 
with  solid  portal  braces.  In  addition,  eight  interior  bents  were 
braced  with  diagonal  tiebars  from  top  to  bottom.  At  all  junctions 
of  girders  and  beams  with  cohnnns  knee  braces  were  used.  The  de- 
sign of  this  steel  w  ork  is  well  worthy  of  study  by  anyone  interested  in 
such  structures.  It  is  probably,  on  the  whole,  the  best-designed 
piece  of  such  work  in  the  United  States.  Another  remarkable  thing 
about  it  is  that  the  execution  was  apparently  as  good  as  the  design. 
In  a  number  of  places  where  the  fireproofing  had  come  off  the  connec- 
tions were  exposed,  and  the  workmanship:)  here  seemed  to  have  l)een 
practically  as  good  as  it  could  well  be  made.  I  particularly  noticed 
the  column  bearings,  and  they  seemed  to  be  absolutely  close  and  true. 
Inaccurate  column  bearings  in  building  work  are  so  often  seen  that 
one  is  almost  justified  in  saying  that  they  are  the  rule  rather  than 
the  exception;  but  in  the  Call  Building  such  connections  as  were 
exposed  to  view  had  l)een  put  together  with  extreme  accuracy. 

The  column  covering  in  this  building  was  of  hollow  tiles,  about  3 
inches  thick,  with  very  thin  webs.  Partitions  were  built  of  the  same 
material.  The  floor  construction  was  of  reenforced  cinder  concrete. 
Some  furred  ceilings  composed  of  wire  lathing  and  light  furring 
strips  were  also  used.     The  outer  walls  were  furred  with  2-inch 
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hollow  tiles.  When  I  saw  the  building  the  column  coverings  and 
partitions  throughout  were  either  down  or  so  badly  shattered  that 
nearly  all  of  them  would  have  to  be  taken  down  and  rebuilt,  and 
the  furring  had  fallen  from  many  of  the  outer  walls.  The  chief 
engineer  of  the  building  stated  that  it  was  practically  undamaged 
immediately  after  the  earthquake,  and  that  the  fire  which  subse- 
quently gained  access  did  not  damage  it  very  much,  but  that  a  large 
part  of  the  ruin  of  the  partitions  and  column  coverings  was  due  to 
the  concussions  from  the  dynamite  used  in  demolishing  dangerous 
walls  in  the  neighborhood. 

The  hollow-tile  covering  of  the  steel  work  came  down  pretty  gen- 
erally throughout  the  building.  AVhether  or  not  this  failure  resulted 
from  the  fire,  close  examination  of  the  steel  work  proved  that  the 
tile  covering  was  totally  inadequate,  because  in  many  places  there 
had  l)eeri  heat  enough  to  burn  the  paint  entirely  off  the  steel  and  to 
leave  indications  of  high  temperature  on  the  metal  itself.  Photo- 
graphs taken  of  the  Call  Building  during  the  progi'ess  of  the  fire 
indicate  that  the  fire  was  not  very  fierce,  yet,  in  my  judgment,  some 
of  the  steel  members  were  very  close  to  serious  damage  as  a  result  of 
it.  So  magnificent  a  2)iece  of  steel  work  deserved  better  fireproof 
covering  than  it  had;  but,  as  a  matter  of  fact,  the  steel  itself  was 
observed  to  be  fire  blackened  in  many  places.  The  furred  ceilings  in 
this  building  in  general  suffered  so  much  damage  that  they  should 
be  taken  down  altogether.  The  marble  finish  throughout,  while  not 
absolutely  destroyed,  was  so  damaged  as  to  be  worthless.  The 
reenforced-concrete  floor  slabs  stood  fairlv  well,  but  some  of  the 
concrete  looked  as  if  it  had  suffered  apprecial)ly  from  the  heat. 

On  the  exterior  the  Call  Building  showed  al)solutely  no  damage 
from  the  earthquake  except  in  the  story  immediately  above  the  main 
cornice,  where,  in  the  parts  adjacent  to  the  four  corners,  a  few  stones 
had  evidently  sli])ped  so  that  the  joints  had  opened  u])  for  possibly 
half  an  inch  or  more.  The  exterior  of  the  building  was  faced  with 
the  grayish-green  sandstone  which  is  used  for  so  many  l)uihlings  in 
San  Francisco.  This  stone,  wherever  the  fire  struck  it,  not  only 
spalled  very  badly,  but  had  its  color  very  largely  burned  out,  so  that 
what  remained  was  a  dull  and  lifeless  buff'  gray,  the  green  having 
totally  disappeared. 

Examination  of  the  Call  Building  from  the  exterior  produced  the 
imi)ression  that  it  was  slightly  out  of  plumb  to  the  southeast,  but 
later  informaticm  showed  that  this  estimate  of  the  direction  in  which 
the  building  leaned  was  incorrect.  Captain  Kelly  kindly  sent  a  man 
with  a  plumb  line  to  verify  the  observation.  Ho  ])lunil)ed  the  build- 
ing froui  the  tenth  floor,  asMts  dimensions  were  reduced  somewhat 
above  this  point.  He  found  that  the  building  leans  uniformly  toward 
Market  and  Third  streets;  at  the  tenth  floor  the  building  overhangs 
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Market  street  by  8  inches  and  Third  street  by  10  inches.  This  indi- 
cates clearly  that  it  is  not  safe  to  trust  the  eye  in  the  matter  of  a 
building  out  of  plumb,  because  when  previously  examined — not  only 
once  but  several  times — the  Call  Building  presented  the  appearance 
of  leaning  away  from  Market  street  instead  of  toward  it.  In  my 
judgment  the  deviation  from  the  vertical  in  this  building  may  have 
been  due  in  whole  or  in  part  to  the  earthquake,  but  it  is  not  at 
all  impossible  that  it  may  have  been  built  out  of  plumb.  With  the 
rigid  type  of  connections  used  in  the  Call  Building,  strict  mathe- 
matical accuracy  of  construction  at  all  points  would  be  essential  to 
insure  the  exact  perpendicularity  of  the  building.  As  this  accuracy 
is  practically  unattainable,  it  is  ordinarily  necessary  to  accept  slight 
deviations'  from  the  plumb  line  and  probably,  in  the  majority  of 
cases,  a  certain  amount  of  torsion  in  the  frame  itself.  So  far  as 
these  deviations  are  kept  w^ithin  reasonable  limits  they  make  no 
Furious  difference,  and  the  building  is  just  as  good  for  all  practical 
purposes  as  if  it  w^re  perfectly  plumb  and  true. 

On  the  whole,  the  foundations  and  steel  frame  of  this  building 
were  admirably  designed.  The  bracing  of  the  steel  work  seems  to 
have  taken  up  the  vibration  due  to  the  earthquake,  so  as  to  preserve 
the  masonry  of  the  outer  walls.  As  long  as  there  is  no  deflection 
suflScient  to  crack  the  masonry,  there  can  be  no  doubt  that  the  build- 
ing is  safe.  It  is  a  question  whether  other  buildings  which  were  not 
so  well  braced,  and  in  which  the  piers  between  WMudow^s  were 
badly  shattered,  were  not  dangerously  near  collapse,  and  it  may  w^ell 
be  doubted  whether  there  is  not  serious  damage  to  the  steel  work  as 
it  is.  This  matter  could  be  determined  only  by  uncovering  the  steel 
and  making  a  detailed  inspection. 

The  only  safe  plan  in  the  construction  of  steel-frame  buildings 
is  the  one  followed  in  the  Call  Building — that  is,  to  brace  the  steel 
work  so  that  by  itself  it  is  able  to  resist  the  stresses  due  to  the  vibra- 
tion. The  engineer  who  designed  the  foundations  and  steel  frame 
of  this  building  may  w^ell  l)e  gratified  at  the  admirable  manner  in 
which  his  structure  fulfilled  its  purpose.  Had  the  building  been  as 
well  designed  to  resist  fire  as  to  resist  oarthciuake,  it  is  probable  that 
the  total  damage  would  have  Ix^en  very  much  less  than  it  was. 

CHRONICLE   HUILDINCJS    (OM)    AND    NEW). 

The  old  Chronicle  Building  (PI.  XXX,  B)  seems  to  have  been 
built  in  two  parts — a  w^est  and  an  east  wing.  The  west  wing  had 
protected  cast-iron  columns,  rolled  beams,  and  terra-cotta  fireproof- 
ing.  The  interior  structure  had  entirely  collapsed,  apparently  froni 
the  heat.  It  was  impossible,  with  the  del)ris  piled  around  it,  to 
determine  just  what  the  cause  of  the  failure  was,  but  it  was  probably 
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due  to  the  buckling  or  rupture  of  a  lower-story  column  by  the  fire. 
In  the  east  wing  of  the  old  building  the  terra-cotta  fireproofing  had 
suffered,  to  a  considerable  extent,  the  typical  damage  which  is  de- 
scribed in  connection  with  the  Aronson  Building  (p.  78)  and  in  the 
general  discussion  of  the  subject  (p.  72).  Many  floor  tiles  had  lost 
their  lower  webs. 

The  new  Chronicle  Building  (also  shown  in  PL  XXX,  B)  was 
badly  racked  by  the  earthquake  from  the  point  where  it  rose  above 
the  neighboring  buildings  to  the  top.  It  seems  to  have  been  pro- 
vided with  knee  braces  tending  to  stiffen  it  in  a  direction  parallel 
to  the  Kearney  street  front.  In  the  first  story,  at  any  rate,  there 
were  some  diagonal  braces  in  the  steel  work  of  the  north  wall.  The 
worst  damage  was  to  the  masonry  of  the  Kearney  street  front ;  the 
shattering  of  this  masonry  can  be  observed  by  a  close  inspection  of 
PL  XXX,  B.  This  building  was  unfinished.  It  had  hollow-tile 
fireproofing,  including  partitions.  The  burning  out  of  the  window 
trim  and  of  whatever  combustible  matter  may  have  been  in  the 
building,  caused  a  good  deal  of  damage  to  the  hollow-tile  floors, 
especially  near  the  windows,  where  the  lower  webs  came  off  almost 
completely. 

The  old  Chronicle  Building  seems  to  have  suffered  very  little 
from  the  earthquake,  notwithstanding  it  must  have  acted  as  a  buttress 
for  the  new  building. 

CITY    HALL   AND    HALL   OF   RECORDS. 

The  new  city  hall  in  San  Francisco  (PL  XXXI),  together  with 
the  hall  of  records,  which  adjoins  it  and  which  formed  practically 
a  part  of  one  and  the  same  structure,  was  a  massive  brick  building 
with  steel  floor  beams.  This  building  had  corrugated-iron  floor 
arches,  leveled  u])  with  concrete.  There  were  some  naked  ca«t-iron 
columns  where  the  sj^aii  from  wall  to  wall  was  too  great  for  the 
l)eams.  All  interior  partitions  of  any  importance  were  of  brick  and 
rather  heavy.  In  the  basement  and  subbasement  the  corrugated-iron 
arches  were  left  exposed.  Everywhere  else  there  was  a  ceiling  car- 
ried on  a  form  of  metal  lathing  consisting  of  sheets  of  metal  crimped 
so  as  to  form  dovetailed  grooves  or  ribs;  the  plaster,  being  pressed 
up  against  this  lathing  and  into  the  dovetailed  grooves,  was  enabled 
lo  hold  on  by  the  key  thus  formed.  The  girders  in  the  building  were 
protected  by  a  wrapping  of  this  metal  lathing  finished  on  the  exterior 
with  ])laster.  The  brickwork  in  the  city  hall  was  made  of  a  very 
good  quality  of  common  bricks.  The  mortar  appeared  to  be  lime 
mortar  gaged  with  cement,  and  was  distinctly  superior  to  lime  mortar 
pure  and  simple.  The  workmanship  was  also  above  the  average. 
The  bricks  were  not  as  well  laid  as  they  might  be,  yet  it  was  not  poor 
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work  by  any  means.  I  found  a  few  places  where  joints  were  not 
well  filled,  but  not  a  greater  number  of  such  places  than  one  would 
expect  to  find  even  in  fairly  good  work.  On  the  exterior  the  build- 
ing was  finished  with  stucco,  which  was  tinted  to  imitate  the  grayish- 
green  sandstone  so  much  used  for  building  purposes  in  San  Francisco. 

The  city  hall  was  of  an  irregular  plan,  as  it  was  built  on  a  trian- 
gular lot.  The  building  contained  in  the  western  part  an  interior 
court,  in  which  a  nonfire2:)roof  structure  had  been  erected  prior  to  the 
earthquake  and  fire  to  acconmiodate  the  fire-alarm  headquarters. 
On  the  southeast  front  of  the  building  a  little  to  the  east  of  the 
center  was  a  rotunda  with  a  tower  and  dome  above  it.  This  tower 
was  built  of  brickwork  uj)  to  the  base  of  the  upper  of  two  peristyles 
of  free  pillars  around  the  outside  of  the  tower.  This  j)eristyle  was 
composed  of  steel  columns  covered  with  hollow  tiles,  so  as  to  form  a 
pillar  of  circular  section  with  an  entasis.  The  walls  of  the  tower 
from  the  base  of  this  peristyle  up  also  seem  to  have  been  of  hollow 
tiles.  At  the  base  of  the  dome  was  a  floor  composed  of  terra-cotta 
flat  arches.  It  was  reported  that  the  masonry  of  the  building  had 
been  reenforc^ed  to  a  great  extent  with  emlxHlded  steel  bars  for  the 
purpose  of  increasing  its  resistance  to  earth(]uake.  I  did  not  notice 
any  such  bars  myself,  but  it  was  very  difficult  to  get  such  access  to 
the  debris  as  would  have  permitted  the  verification  of  this  point. 

In  a  general  way  it  may  be  said  that  the  southwest  half  of  the 
building  was  practically  destroyed  by  the  earth(juake.  The  heavy 
masonry  was  thrown  down,  so  that  the  entire  southwest  half  of  the 
tower  was  left  entirely  exposed,  the  dome  standing  on  the  steel  work 
idone.  The  remaining  half  of  the  building  showed  considerable 
damage  from  the  earthquake,  but  the  principal  damage  here  was  due 
to  the  fire.  PI.  XXXI  gives  a  fair  idea  of  the  earthquake  damage 
in  the  southwest  half  of  the  building. 

It  will  be  observed  that  some  of  the  2:)rojecting  pilasters  on  the 
exterior  of  the  wall  were  badly  cracked.  A  singular  action  of  the 
earthquake,  as  exhibited  here  and  in  other  places,  was  the  tendency 
to  shear  off  projecting  pilasters  even  though  they  were  built  of  the 
same  material  as  the  wall  and  well  bonded  to  it.  In  my  judguient 
this  action  was  due  to  the  fact  that  the  earthquake  caused  the  wall 
to  rock  slightly  sidewise.  When  it  rocked  toward  the  side  from 
which  the  pilasters  projected,  the  entire  weight  would  be  for  an 
instant  concentrated  on  the  base  of  the  pilaster  in  such  a  way  as  to 
tend  to  shear  it  loose  from  the  wall,  which  actually  happened  in 
many  cases,  the  wall  presenting  no  other  evidence  of  damage  what- 
soever. Instances  of  this  damage  are  pointed  out  in  the  discussion 
of  other  buildings. 

Examination  of  PI.  XXXI,  especially  with  a  reading  glass,  will 
show  that  many  of  the  diagonal  braces  in  the  steel  work  of  the  tower 
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riualilv  aiul  tlio  arclios  were  verv  heavy.  Many  of  the  floor  beams 
>veiv  ii4  inches  deep,  and  that  was  consecjuently  the  depth  of  concrete 
at  the  hainu-hes.  The  tliiekness  at  the  crown  seems  to  have  been  not 
U»ss  than  5  or  r>  inches,  and  the  span  between  floor  l^eams  was  not 
nioiv  than  i\  or  7  f(K»t.  A  concrete  arch  of  such  dimensions  and  such 
span,  even  thou<rh  it  had  In^en  made  of  very  poor  ccmcrete,  should 
have  stood  i)erfectly  well  had  it  been  depending  <m  its  own  power  of 
ivsistance  aK)ne.  In  a  number  of  phices  where  the  floor  did  not  col- 
hipse  the  etl'ect  of  heat  on  the  exjmsed  lower  flanges  of  the  24-inch 
Innuns  was  sullicient  to  ])roduce  a  deflection  of  ()  or  7  inches  on  a  span 
of  L*r>  or  IM)  feet.  Tliis  resuU  indicates  clearly  the  necessity  of  pro- 
lecling  the  exposed  flanges  of  all  beams. 

IM.  XXVI,  //,  shows  some  unccmsumed  papers  al)out  the  base 
i>f  I  he  cast-iron  cohnnn.  These  papers  came  from  a  vault  which 
opened  into  this  room  and  tlie  contents  of  which  were  charred, 
but  not  destroyed:  all  the  combustil)le  contents  of  the  room  proper 
were  d(»st roved.  The  dark  splotches  on  the  wall  in  the  background 
an»  «hie  to  si)alling  of  the  brickwork  at  the  surface  under  the  influ- 
ence* of  tlie  lire.  This  phenomenon  was  noticed  in  a  numlxn*  of  places 
in  San  Francisco,  just  as  it  was  in  Baltimore;  but  as  a  rule  the  spall- 
ing  did  not  j)enetrate  to  a  greater  depth  than  half  an  inch,  and  the 
wall  itself  was  practically  as  good  as  before.  In  the  fire  at  San  Fran- 
cisco, as  in  every  o;her  large  fire,  the  right  kind  of  brickwork  proved 
to  be  more  resistant  than  any  other  material. 

A  good  deal  of  the  i)laster  on  the  interior  walls  in  the  city  hall 
was  on  wooden  furring  studs  and  wooden  laths.  AVhy  this  kind  of 
work  should  hav(»  been  done  is  beyond  comprehension.  Many  of  the 
«*i»rri«lors  would  have  suil'ered  pra(*tically  no  damage  but  for  this  one 
circumstnnce.  As  the  iire  burned  out  the  wooden  trim  of  openings 
U'twccn  tlu'  corridors  and  the  rooms  it  gained  access  to  the  w^ooden 
furring  iind  burned  it  out  behind  the  j)laster,  thereby  bringing  most 
•tif  the  phister  down.  There  were,  however,  many  s(|uare  yards  still 
'landing,  although  th(»  w(K)den  furring  studs  and  laths  had  been 
burned  out  hehind.  There  would  appear  to  have  been  no  ivasoii  for 
furring  these  interior  walls;  the  j)laster  could  just  as  well  have  been 
ilpplicd  (o  the  brickwoi'k  itself.  As  a  mattei*  of  fact,  in  many  parts 
of  Ihr  Imilding  il  wns  so  ji])j)]ic(K  thougli  in  other  j)arts  the  walls 
\\r\r  riiirrd  Willi  nicial  iatJiinir  and  studs.  A\'liv  a  uniform  treat- 
UKMil   NMi     nol  a(loj)i(Ml  is  not  a])])anMit. 

TIh'  hiiil  .  of  ihr  hnildiim'  wen*  trencrnllv  floored  with  marble  tile. 
I''*"-  ''m'  iicjit  hiid  appai'cntly  not  been  \(m*v  intense  these  tile 

iitid  canir  n]),  and  the  niarbie  was  rendered  chalky, 
A'a     <'oni|)letely  iMiined. 

ii^»"  a   iinnil)er  of  girder-;  oi*  lintels  I'eslcMl  upon  stone 
h    Were   e.\j)ose(l    at    tJie    fare   of   the*    wall.      All   such 
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templates  that  were  subjected  to  the  heat  were  badly  spalled  and  shat- 
tered, and  one  or  two  of  them  had  failed  sufficiently  to  permit  the 
ends  of  the  girders  to  settle  an  inch  or  more.  I  also  noticed  a  num- 
ber of  places  in  the  walls  of  the  building  where  the  fire  had  evidently 
found  its  way  into  the  interior  of  unfilled  joints  through  very  small 
and  tortuous  passages. 

The  hall  of  records  was  connected  with  the  city  hall  bv  means  of 
an  arcaded  corridor.  The  building  was  circular  and  all  the  floors 
above  tlie  first  were  pierced  so  that  they  practically  formed  galleries. 
The  beams  supporting  these  upper  floors  or  galleries  were  of  steel, 
set  radially  and  supported  at  their  inner  ends  by  girders  carried  on 
a  peristyle  of  12  circular  cast-iron  columns,  which  had  no  fireproof 
covering  of  any  sort.  The  floor  arches  were  segmental  arches  of 
common  bricks.  The  lower  flanges  of  the  beams  were  exposed,  but 
the  evidence  indicated  that  there  must  have  been  a  suspended  ceiling 
of  some  sort  below  the  fireproof  floor  construction,  although  it  was 
impossible  to  determine  its  nature.  It  is  probable  that  it  was  carried 
on  combustible  supports  of  some  kind,  which  have  totally  disap- 
peared. As  the  records  had  l)een  carried  away  from  this  building 
before  the  fire  reached  it  the  heat  within  it  was  not  very  intense  and 
the  interior  of  the  structure  w-as  standing  in  a  comparatively  undam- 
aged condition,  except  for  finish.  The  exterior  walls,  however,  w^ere 
badly  shattered  by  the  earthquake.  The  w^ndow^  shutters  were  of 
iron,  and  if  they  had  remained  in  place,  considering  the  situation  of 
this  building,  would  probably  have  kejDt  the  fire  out.  As  indicated 
in  the  view,  however,  the  earthquake  wrenched  some  of  these  shutters, 
with  their  surrounding  masonry,  entirely  out  of  the  wall,  thereby, 
of  course,  leaving  easy  access  for  the  flames. 

As  previously  stated,  it  is  my  opinion  that  to  remove  the  debris 
and  restore  the  city  hall,  including  the  hall  of  records,  to  its  original 
condition  would  cost  as  much  as  the  entire  building  cost  in  the  begin- 
ning. As  it  was  so  badly  damaged  by  the  shock  it  would  aj)parently 
be  w^ise  to  remove  it  altogether  and  build  a  structure  of  another  type 
designed  to  resist  earthquakes. 

COWELL    BUILDING. 

No  special  interest  attaches  to  the  Cowell  Building,  except  that  it 
seems  to  have  been  more  flimsy  than  the  average.  It  had  unprotected 
steel  work  and  girders  and  wooden-joisted  floors.  The  effect  of  fire 
on  the  unprotected  steel  work  is  well  illustrated  in  PI.  LI,  B, 

CROCKER    BUILniX<;. 

The  Crocker  Building  had  a  steel  frame  and  hollow -tile  fireproof - 
ing.     Some  of  the  tile  arches  had  totally  collaj^sed,  and  over  large 
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quality  and  the  arches  were  very  heavy.  Many  of  the  floor  beams 
were  24  inches  deep,  and  that  was  consequently  the  depth  of  concrete 
at  the  haunches.  The  thickness  at  the  crown  seems  to  have  been  not 
less  than  5  or  6  inches,  and  the  span  between  floor  beams  was  not 
more  than  (>  or  7  feet.  A  concrete  arch  of  such  dimensions  and  such 
span,  even  though  it  had  been  made  of  very  poor  concrete,  should 
have  stood  perfectly  well  had  it  been  depending  on  its  own  power  of 
resistance  alone.  In  a  number  of  places  where  the  floor  did  not  col- 
lapse the  effect  of  heat  on  the  exposed  lower  flanges  of  the  24-inch 
beams  was  sufficient  to  produce  a  deflection  of  G  or  7  inches  on  a  span 
of  25  or  30  feet.  This  result  indicates  clearly  the  necessity  of  pro- 
tecting the  exposed  flanges  of  all  beams. 

PL  XXVI,  B^  shows  some  unconsumed  papers  about  th6  base 
of  the  cast-iron  column.  These  paj^ers  came  from  a  vault  which 
opened  into  this  room  and  the  contents  of  which  were  charred, 
but  not  destroyed;  all  the  combustible  contents  of  the  room  proper 
were  destroyed.  The  dark  splotches  on  the  wall  in  the  background 
are  due  to  spalling  of  the  brickwork  at  the  surface  under  the  influ- 
ence of  the  fire.  This  phenomenon  was  noticed  in  a  numl>er  of  places 
in  San  Francisco,  just  as  it  was  in  Baltimore;  but  as  a  rule  the  spall- 
ing did  not  penetrate  to  a  greater  depth  than  half  an  inch,  and  the 
wall  itself  was  practically  as  good  as  before.  In  the  fire  at  San  Fran- 
cisco, as  in  every  oiher  large  fire,  the  right  kind  of  brickwork  proved 
to  be  more  resistant  than  anv  other  nuiterial. 

A  good  deal  of  th(»  phister  on  the  interior  walls  in  the  city  hall 
was  on  wooden  finTiiiui:  studs  and  wooden  laths.  AVhv  this  kind  of 
work  sliould  have  been  done  is  bevond  conn)rehension.  Manv  of  the 
corridors  would  have  suffered  practically  no  damage  Init  for  this  one 
circinnstance.  As  tlie  fire  bui-ned  out  the  wooden  trim  of  openings 
between  the  corridors  and  the  I'oonis  it  gained  access  to  the  wooden 
furring  and  burned  it  out  behind  tlie  plaster,  thereby  bringing  most 
•of  (lie  plaster  down.  Tliere  were,  however,  many  s(]uare  yards  still 
'tanding,  altliough  tlie  wooden  furring  studs  and  laths  had  been 
burned  out  l)ehind.  There  would  aj)])ear  to  have  been  no  reason  for 
furring  tliese  interior  walls;  the  ])laster  couhl  just  as  well  have  been 
a|)plied  to  the  brickwork  itself.  As  a  matter  of  fact,  in  many  parts 
of  the  l)uilding  it  was  so  ap])lied,  tliough  in  other  parts  the  walls 
wei(»  fui'red  with  metal  lathing  and  studs.  A^'hy  a  uniform  treat- 
ment was  not  adopted  is  not  apj)arent. 

The  halls  of  the  building  were  generally  floored  with  marble  tile. 
Even  where  the  heat  had  apparently  not  been  very  intense  these  tile 
floors  (^x])anded  and  came  up,  and  the  marble  was  rendered  chalky, 
while  the  color  was  com])letely  I'uined. 

In  this  building  a  number  of  girders  or  lintels  rested  upon  stone 
templates,  which  were  exposed  at  the  face  of  the  wall.     All  such 


BEHAVIOR   OF    INDIVIDUAL    STRUCTURES.  89 

templates  that  were  subjected  to  the  heat  were  badly  spalled  and  shat- 
tered, and  one  or  tw^o  of  them  had  failed  sufficiently  to  permit  the 
ends  of  the  girders  to  settle  an  inch  or  more.  I  also  noticed  a  num- 
ber of  places  in  the  walls  of  the  building  where  the  fire  had  evidently 
found  its  way  into  the  interior  of  unfilled  joints  through  very  small 
and  tortuous  passages. 

The  hall  of  records  was  (connected  wnth  the  citv  hall  bv  means  of 
an  arcaded  corridor.  The  building  was  circuhir  and  all  tlie  floors 
above  the  first  were  pierced  so  that  they  practically  formed  galleries. 
The  l)eanis  supporting  thesi^  uj)per  floors  or  galleries  were  of  steel, 
set  radially  and  supported  at  their  inner  ends  by  girders  carried  on 
a  peristyle  of  12  circular  cast-iron  columns,  which  had  no  fireproof 
covering  of  any  sort.  The  floor  ar(»hes  were  segmental  ar<*hes  of 
common  bricks.  The  lower  flanges  of  the  beams  were  exposed,  but 
the  evidence  indicated  that  there  must  have  been  a  susi)ended  ceiling 
of  some  sort  below  the  firej^roof  floor  construction,  although  it  was 
impossible  to  determine  its  nature.  It  is  probable  that  it  was  carried 
on  combustible  supports  of  some  kind,  which  have  totally  disaj)- 
peared.  As  the  records  had  l)een  carried  away  from  this  building 
before  the  fire  reached  it  the  heat  within  it  was  not  verv  intense  and 
the  interior  of  the  structure  was  standing  in  a  comjDaratively  undam- 
aged condition,  except  for  finish.  The  exterior  walls,  however,  w^ere 
badly  shattered  by  the  earthquake.  The  window  shutters  were  of 
iron,  and  if  they  had  remained  in  j^lace,  considering  the  situation  of 
this  building,  would  probably  have  kept  the  fire  out.  As  indicated 
in  the  view,  however,  the  earthquake  wrenched  some  of  these  shutters, 
with  their  surrounding  masonry,  entirely  out  of  the  wall,  therel)y, 
of  coui'se,  leaving  easy  access  for  the  flames. 

As  previously  stated,  it  is  my  opinion  that  to  remove  th<»  debris 
and  restore  the  city  hall,  including  the  hall  of  records,  to  its  original 
condition  would  cost  as  much  as  the  entire  building  (!ost  in  the  begin- 
ning. As  it  was  so  badly  damaged  by  the  shock  it  would  apparcMitly 
be  w^ise  to  remove  it  altogether  and  build  a  structure  of  another  type 
designed  to  resist  earthquakes. 

COWKLL    m'ILI)lN(i. 

No  special  interest  attaches  to  the  Cowell  Building,  except  that  it 
seems  to  have  been  more  flimsy  than  the  average.  It  had  unj)r()tecto(1 
steel  work  and  girders  and  wooden-joisted  floors.  The  efl'ect  of  fire 
on  the  unprotected  steel  work  is  well  illustrated  in  PI.  LI,  B» 

rwocKVAi  nriLi)iN(j. 

The  Crocker  Building  had  a  steel  frame  and  hollow-tile  fireproof- 
ing.     Some  of  the  tile  arches  had  totally  colla])sed,  and  ovei*  large 
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areas — probably  at  least  J^O  per  cent  of  the  whole — they  had  lost  their 
lower  webs.  There  was  nothing  of  special  interest  in  this  building 
more  than  has  been  described  with  other  buildings.  The  damage 
seemed  to  be  about  as  great  as  the  average — probably  more  than  60 
per  cent. 

(CROCKER    ESTATE   HUILDING. 

PI.  XXVIII,  B^  shows  the  kind  of  damage  to  ornamental  terra 
cotta  which  is  typical  of  both  earthquake  and  fire  action.  This  par- 
ticular view  was  selected  because  it  was  possible  to  take  it  from  a 
point  near  by  so  as  to  show  the  damage  in  detail.  The  Crocker 
Estate  Building,  a  part  of  whi(!h  is  shown  in  the  view,  had  cinder- 
concrete  floor  slabs,  rolled  beams  and  girders,  and  naked  cast-iron 
columns.  The  fire  was  evidently  not  very  hot  in  this  building.  The 
lower  flanges  of  the  beams  and  gii-ders  were  covered  with  expanded 
metal  and  plaster.  The  webs  of  the  beams  were  protected  with  cinder 
concrete  built  out  solid  from  the  webs  to  the  edge  of  the  flange.  The 
rear  portion  of  this  building  and  a  building  of  similar  construction 
on  the  east  had  largely  collapsed,  apparently  as  a  result  of  the  action 
of  the  fire  on  the  naked  cast-ircm  columns.  At  this  and  every  other 
point  where  exposed  cast-iron  columns  had  failed  it  was  oft^n  noticed 
that  the  heads  of  the  columns  broke  off  and  remained  attached  to 
girders  and  Ix^ams  by  means  of  the  lugs  and  Inilts.  This  result  con- 
firms ('(mclusions  derived  from  certain  exj)eriments  made  a  number 
of  years  ago,  to  the  effect  that  the  lugs,  ribs,  etc.,  at  the  heads  of  cast- 
iron  columns  are  (he  source  of  seven*  shrinkage  stresses,  with  conse- 
quent weakness  in  the  column. 

DEWEY    MONITMENT. 

The  Dewey  monument,  in  Union  Square,  is  shown  in  PI.  XXX,  A. 
Careful  examination  indicates  that  the  uj)j)er  stone  of  the  shaft  has 
slipped  to  the  left  by  an  a])preciable  amount — aj)|)arently  about  an 
inch.  The  second  stone  has  slipped  about  threes-fourths  as  far,  and 
the  third  stone  from  (lie  top  al)oul  one-fourth  of  an  inch.  I  was 
informed  that  then*  is  a  steel  bar  running  uj)  (hrough  the  center  of 
the  shaft.  This  construction,  if  it  was  used,  exphiins  why  the  monu- 
ment was  not  thrown  to  the  ground,  as  i(  otherwise  nnist  have  been. 

EMPORllVM. 

The  Emporium  was  a  large  dej)artment  store  on  (he  south  side  of 
Afarki^t  street,  l)etween  Fourth  and  Fifth  s(reets  (PI.  XXXII).  The 
only  j)orti(>n  of  its  in(eri()r  s(ruc(ure  which  remained  had  been  carried 
by  a  s(eel  frame.  It  is  re])or(ed,  however,  that  mill  construction  had 
been  used  for  the  upper  stories  in  a  portion  of  the  building.     It  is  also 
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reported  that  this  building  was  dynamited  three  times  during  the 
progress  of  the  fire,  although  I  was  assured  by  a  policeman,  w-ho 
claimed  to  have  been  on  duty  during  the  whole  time,  that  this  report 
was  not  true.  Under  the  circumstances,  it  is  a  little  difficult  to  draw 
a  reliable  conclusion  from  the  state  of  affairs  in  the  Emporium. 
However,  examination  of  the  ruins' indicated  very  strongly  that  much 
of  the  trouble  was  due  to  the  inadequacy  of  the  fireproof  protection 
to  the  steel  work. 

PL  XXXII,  ^,  is  a  general  view  of  the  collapsed  portion  of  the 
building  and  illustrates  the  failure  of  the  terra-cotta  column  covering 
in  various  stages.  The  hollow-tile  end-construction  arches  in  the 
mezzanine  floor  had  collapsed  over  considerable  areas,  under  the 
influence  of  heat  alone,  as  the  evidence  plainly  indicated  that  nothing 
could  have  been  precipitated  upon  them  and  that  they  w^ere  not  sub- 
jected to  an  explosion.  A  considerable  portion  of  the  rear  wall  of 
the  Emporium,  w^hich  had  been  thrown  down,  probably  partly  by 
earthquake  and  partly  by  the  fire,  presented  one  case  of  very  excellent 
mortar  used  in  a  commercial  building.  The  mortar  w^as  better  than 
the  bricks,  and  both  w^ere  of  good  quality.  The  fireproofing  in  the 
lower  part  of  the  building  was  quite  as  good  as  that  ordinarily  found 
in  similar  structures  throughout  the  country.  In  fact,  it  would  be 
easy  to  point  out  department  stores  not  so  well  fireproofed  as  the 
lower  part  of  the  Emporium. 

I  have  always  been  of  the  opinion  that  the  Home  store  in  Pitts- 
burg, which  was  the  first  large  fireproof  department  store  to  be 
tested  by  fire,  w^as  really  closer  to  collapse  from  the  heat  than  is 
generally  believed.  After  the  covering  has  been  stripped  from  a 
steel  column,  the  time  and  heat  required  to  bring  it  dow^n  are  not 
very  great.  The  fact  that  the  covering  comes  off  during  a  fire  is 
absolute  proof  that  it  is  wholly  inade<|uate.  If  the  steel  column 
stands  up,  notwithstanding  the  loss  of  its  covering,  it  is  due  to 
good  luck  and  not  at  all  to  good  fireproofing.  In  the  Home  store 
the  covering  was  stripj^ed  from  a  number  of  columns:  in  the  Em2:)o- 
rium  Building  the  same  thing  happened,  but  the  heat  continued  a 
little  longer,  and  there  is  no  doubt  in  my  mind,  after  an  examination 
of  the  ruins,  that  at  least  a  portion  of  the  collai)se  Avas  due  to  the 
failure  of  the  columns  under  heat.  The  floor  tiles  in  the  Emj^orium 
Building  lost  their  lower  webs  in  large  (juantities,  where  the  arches 
themselves  did  not  collapse;  and  tiles  in  the  colunm  covering  which 
did  not  come  off  bodily  also  lost  their  exi)()sed  webs  in  considerable 
quantities.  The  ruins  of  the  Emporium  were  in  a  very  dangerous 
condition,  so  that  a  detailed  inspection  was  not  practicable;  and  it 
is  doubtful  whether  any  useful  results  would  havi^  followed,  because 
the  fireproofing  w-as  of  the  ordinary  conunercial  type  w^hich  has 
often  enough  been  proved  inadequate  to  resist  a  serious  fire. 
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FAIRMOUNT  HOTEL. 

The  lower  two  stories  of  the  Fairmount  Hotel  (PL  XXXIV)  were 
of  concrete.  The  next  story,  the  first,  was  built  of  granite,  appar- 
ently backed  with  brickwork,  and  above  that  the  building  was  faced 
with  ornamental  terra  cotta.  The  earthquake  damage  to  this  terra 
cotta  was  severe.  Neither  the  granite  nor  the  concrete  walls  of  this 
building  seemed  to  have  suffered  materially  from  the  earthquake, 
but  the  granite  was  badly  damaged  by  the  fire.  The  building  was 
surrounded  by  a  wide  open  space,  and  the  fire  must  have  been  very 
fierce  in  its  vicinity  to  have  ignited  it.  I  was  informed  that  consid- 
erable damage  was  done  to  the  steel  work  and  fireproofing  in  this 
building;  but  as  the  owners,  or  at  least  those  in  charge,  objected  to 
having  it  inspected,  and  as  it  was  an  unfinished  building,  I  made  no 
examination  of  its  interior.  If,  under  the  circumstances,  it  suf- 
fered seriously  from  the  fire,  the  only  conclusion  that  could  have 
been  drawn  was  that  the  fireproofing  was  very  poorly  done. 

JAMES  FIX)OD  BUILDING, 

The  new  James  Flood  office  building,  situated  on  the  north  side  of 
Market  street,  opposite  the  Emporium  Building,  had  a  steel  frame, 
segmental  hollow-tile  floor  arches,  terra-cotta  column  covering  and 
partitions,  and  furred  ceilings  of  metal  lath  and  2)laster.  The  hol- 
low-tile column  covering  and  partitions  failed  in  this  building  in 
the  same  manner  as  in  others,  and  to  about  the  same  extent  as  in  the 
average  building.  The  lower  stories  seem  to  have  been  occupied  for 
mercantile  j)urposes,  and  here  the  fire  damage  was  greater  than  it 
was  above.  PI.  XXXV,  .1,  is  a  view  taken  in  the  first  story  of  the 
Market  street  wing.  The  second  and  third  cohmnis  from  the  front 
are  slightly  buckled  to  the  right.  They  were  covered  with  hollow 
tiles  in  about  the  same  wav  as  the  colinnns  shown  in  the  Aronson 
Building.  The  columns  in  the  James  Flood  Building  were  Z-bar 
(columns  and  were  filled  in  solidly  with  brickwcu'k,  in  addition  to  the 
hollow-tile  covering  shown  in  the  view.  In  my  judgment,  this 
consti-ucti(m  was  the  only  thing  that  saved  the  Market  street  wing 
of  this  building  from  collapse,  because  there  was  every  evidence  that 
the  columns  which  were  found  sliirhtly  buckled  had  reached  a  dan- 

i  t 

gerous  teni])ei*ature,  aud  would  j)r()l)ably  have  come  down  and 
wrecked  all  of  the  Iniilding  above  them  had  it  not  been  for  the  stiffen- 
ing cirect  of  the  brick  filling. 

IM.  XXXlll,  />,  shows  a  doorway  in  the  west  front  of  the  James 
Flood  Building  illusti'ating  the  damagi*  by  eai'tlujuake  to  the  sand- 
stone piei's.  The  stone  used  in  this  building  was  the  same  grayish- 
green  sandstone  that  is  described  in  connection  with  other  buildings, 
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and  at  each  principal  entrance  there  was  a  groined-arch  ceiling  made 
of  it.  These  ceilings  were  so  badly  cracked  and  damaged  that  they 
will  probably  have  to  be  taken  down  and  rebuilt. 

GRANT   BUILDING. 

The  structure  at  Seventh  and  Market  streets  known  as  the  Grant 
Building  illustrated  the  capricious  variation  in  intensity  of  the^^  earth- 
quake shock  within  short  distances.  This  building  was  separated 
from  the  post-oflSce  by  a  very  narrow  street,  hardly  wider  than  an 
alley.  The  building  had  cinder-concrete  floor  slabs,  furred  ceilings 
in  the  upper  stories,  and  terra-cotta  partitions.  Although  it  w^as  a 
commercial  building  of  very  ordinary  type,  it  was  only  slightly 
damaged  by  the  earthquake,  but  was  gutted  by  fire.  It  was  entirely 
outside  the  area  of  surface  disturbance,  the  streets  in  its  vicinity 
showing  no  signs  of  settlement  or  upheaval.  The  fire  was  not  very 
hot  apparently,  but  was  just  about  abh»  to  take  the  plaster  olf  the 
under  part  of  the  floor  construction  without  seriously  damaging  the 
latter.  The  terra-cotta  partitions  were  all  down.  There  was  no 
evidence  of  superiority  of  construction,  however,  as  everything 
pointed  to  moderate  tests  by  l)oth  earthquake  and  fire. 

HALL   OF    JUSTICE. 

The  Hall  of  Justice  was  one  of  the  municipal  buildings  which  was 
seriously  damaged  by.  the  earthquake.  A  gt^ieral  view  is  shown  in 
PI.  XXXIX,  ^1,  l)ut  doi^s  not  bring  out  the  damage  that  really 
occurred.  In  the  basement  of  this  building  was  another  example  of 
buckled  columns.  The  columns  were  covered  w^ith  exj^anded  metal 
and  plaster.  This  covering  failed  at  a  point  near  the  floor,  and  the 
columns  buckled  and  sank,  producing  the  same  etfect  as  if  they  liad 
been  punched  into  the  ground.  The  cohinm  t'overings  throughout 
this  building  failed  very  generally  from  the  fire. 

KAMM    BUILDING. 

The  Kamm  Building  was  situated  on  ifarket  street,  west  of  the 
Call  Building.  The  rear  portion  was  extended  eastward  by  a  short 
ell,  so  that  it  was  w-ider  than  the  front.  It  was  occuipied  in  the 
first  story  and  basement  by  a  wall-paper  establishment.  The  colunnis 
were  protected  by  metal  lathing  and  ])hist(M\ 

The  burning  of  tli(»  wall  paper  in  the  basement  caused  general 
buckling  of  the  bas(Mnent  colunnis  to  such  an  extent  as  to  result  in 
the  collapse  of  all  the  interior  framework  of  practically  the  entire 
i*ear  portion  of  the  building.  A  good  view  of  this  building  is  to 
be  found  in  the  Engineering  Record  of  May  i^O,  li)0(),  on  page  045. 
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*   KOHL   BUILDING. 

The  Kohl  Building  wan  of  steel-frame  construction  faced  with  the 
grayish-green  sandstone  which  is  referred  to  so  often.  It  had  reen- 
forced-concrete  floors  with  furred  ceilings  and  partitions  of  metal 
lath  and  plaster.  The  window  frames  and  sash  Avere  metal  covered, 
and  there  was  very  little  combustible  matter  in  the  finish.  The 
doors,  with  their  frames  and  jambs,  were  of  wood  covered  with 
sheet  metal.  It  is  manifest  that  this  building  was  not  subjected  to 
very  intense  heat,  as  the  window^s  above  the  fourth  story  were 
unbrokeji  and  the  stone  was  comjDaratively  undamaged.  The  first, 
second,  and  third  stories  were  burned  out,  and  there  was  some  damage 
in  both  the  fourth  story  and  the  attic. 

The  metal-covered  doors  in  this  building,  however,  prevented  to 
some  extent  the  spread  of  the  fire  wnthin  the  building  itself,  so  that 
where  one  room  burned  out,  the  fire  coming  in  through  a  front 
windoAV,  an  adjacent  room  w^as  not  burned  because  of  the  resistance 
offered  by  the  door.  The  building  could  hardly  have  been  sub- 
jected to  a  very  fierce  heat,  however,  for,  if  it  had  been,  the  light 
partitions  would  have  failed,  in  which  case  the  metal-covered  doors 
would  have  been  of  no  avail.  Where  the  heat  was  really  intense, 
the  wood  of  doors,  frames,  and  window  s  burned  out  under  the  metal 
anyway,  but  of  course  the  metal  covering  delayed  the  ignition  of 
the  wood  and  later  prevented  it  from  burning  freely. 

MERC^IIANTS-    EXCHAN(JE    BUILDING. 

The  structure  known  as  the  ilerchants'  Exchange  was  a  steel- 
frame  building  with  EoelJing  cinder-concrete  flat  floor  slabs,  double 
wire-lath  and  plaster  protection  foi-  the  colunuis,  and  partitions 
made  of  light  furring  irons,  Avire  lath,  and  plaster.  In  some  places 
Avire  lath  and  plaster  were  applied  to  botli  sides  of  the  furring 
strips;  in  others  the  furring  strips  Avith  the  wire  lath  Avere  simply 
plastered  on  both  sides.  This  Avas  one  of  the  buildings  in  Avhich 
the  vault  walls  Avere  made  of  the  same  materials  as  the  partitions. 
EA'-erv  vault  in  the  building  failed.  All  the  partitions  in  the  build- 
ing Avere  a  total  loss;  not  only  did  the  plaster  have  to  come  off,  but 
the  metal  framework  had  to  come  down  also.  The  floor  construc- 
tion had  a  furred  ceiling  below  it.  The  j)laster  had  come  doAvn 
because  of  the  heat  on  nearly  all  tlie  ceilings,  and  ])robal)ly  as  much 
as  i20  j)er  cent  of  the  furring  rods  and  Avire  lathing  were  doAvn. 

Large  areas  of  the  face  bricks  Avere  shakcMi  from  the  Avail  of  this 
buildiuir.  oAving  to  the  fact  that  thev  Avere  laid  Avithout  bond.  The 
rear  Avail  Avas  also  danuiged  by  the  earthquake.  The  adhesion  of  the 
bricks  and  mortar  seemed  to  be  largely  destroyed  throughout  the  Avail, 
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without,  however,  producing  any  very  large  (Tacks.  It  is  doubtful 
whether  the  wall  is  really  safe  in  its  present  condition.  On  the  inside 
of  this  building  some  of  the  wall  columns  were  covered  with  4  inches 
of  brickwork  projecting  from  the  inner  face  of  the  wall  as  a  pilaster. 
Some  of  these  brick  coverings  liad  cracked  almost  entirely  away  from 
the  main  walls,  besides  being  cracked  vertically  at  other  points  in  a 
manner  similar  to  the  cinder-concrete  colunm  coverings  in  the  base- 
ment of  the  Aronson  Building  described  on  page  7J).  The  brickwork 
in  these  places  seemed  to  have  l)een  rather  below  th(».  average  in 
quality.  It  is  not  entirely  certain  whether  the  fire  or  the  earthquake 
f^iused  the  cracks,  but  all  the  colunms  s(hmu  to  have  bwn  uninjured, 
although  the  brickwork  of  one  or  two  was  so  badly  damaged  that  it 
ought  to  be  taken  down  and  n^built.  Some  enameled  bricks  were 
practically  ruined  by  the  fire,  which  stripped  olf  the  (»namel  fac^i 
(PhXL,.'l). 

MILLS  lil'lLDTNO. 

The  large  steel-frame  Mills  Building  was  without  special  bracing. 
The  floors  were  of  hollow  tiles  cm  the  end-construction  svsti^m,  and  the 
remainder  of  the  fireproofing  was  likewise  of  hollow  tiles.  The  tile 
arches  lost  their  lower  webs  to  a  great  ext(Mit,  and  scmie  of  them 
collapsed,  apparently  from  heat  alone:  the  colunm  coverings  failed 
very  generally,  and  the  girder  coverings  to  a  somewhat  less  extent 
(PL  XLV,  B).  One  basement  column  buckled  under  the  atttion  of 
the  heat  (PL  XL,  B).  The  conditions  in  the  ^lills  Building  as  to 
column  coverings  and  partitions  were  similar  to  those  in  the  Aronson 
Building. 

uniti':d  statks  mint. 

The  mint  was  an  old-fashioned  monumental  structure*  with  granite 
walls  and  segmental  brick-arch  floor  construction,  carried  on  iron 
beams.  A  general  view,  showing  the  southwest  front,  is  j)resented  in 
PL  XXXVIII,  A.  The  building  seems  to  have  been  practically 
uninjured  by  the  earthquake,  t\\o  only  damage  visible  being  at  the 
base  of  the  right-hand  brick  stack.  It  is  probable  that  the  shock  at 
the  locality  of  the  mint  was  not  m)  seveiv  as  it  was  at  i\\o  ni^w  jK)st-ollice 
building,  although  the  two  are  only  a  few  blocks  a])art ;  yet  the  result 
mav  be  an  indication  that  the  solid  old-fashioned  momunental  walls 
wnth  the  stonework  solidlv  backed  ui)  bv  brickwork  constitute  after 
all  one  of  the  l)est  types  for  resisting  earth(|uake  shocks. 

It  is  somewhat  suri)rising  that  the  brick  stacks  w(M'e  not  over- 
thrown, but  I  am  informed  that  the  thicknc^ss  of  the  masonrv  in  these 
stacks  was  very  great,  which  probably  ex|)lains  their  stability.  The 
northwest  (PL  XXXVII 1,  B)  and  northeast,  faces  of  the  mint  w-ere 
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considerably  damaged  by  the  fire,  but  the  fire  was  kept  out  of  the 
building  proper  by  means  of  water  fi'om  an  artesian  well  equipped 
with  fire  pumps,  located  in  the  building. 

MONADNOCK  BUILDING. 

The  structure  known  as  the  Monadnock  Building  was  an  ordinary 
steel-frame  office  building,  which  was  in  process  of  erection.  It  was 
badly  racked  by  the  earthquake.  Every  one  of  the  piers  in  which 
the  earthquake  cracks  appeared  was  so  badly  shattered  that  no  re- 
pairs short  of  tearing  down  and  rebuilding  would  suffice.  As  a 
matter  of  fact,  it  is  probable  that  adequate  repairs  to  the  masonry  in 
the  front  wall  of  this  building  would  involve  reconstructing  more 
than  half  of  it.  It  would  api)ear  that  there  must  have  been  rather 
severe  vibration  to  shatter  the  brickwork  so  badly.  Whether  the 
steel  escaped  injury  is  a  question  of  considerable  interest,  which  can 
not  be  settled  until  the  masonry  covering  is  taken  off. 

MUTUAL   LIFE   BUILDING. 

The  Mutual  Life  Building  was  a  steel-frame  structure  of  the 
same  general  type  as  the  Mills  Building,  and  it  suffered  in  the  same 
general  way,  though  possibly  not  quite  so  much.  Some  of  the  floor 
arches  had  collapsed,  apparently  from  falling  weights  of  some  sort. 
(See  PL  XLTI,  .1.) 

PACIFIC    STATES    TELEPHONE    AND    TELE(iRAPH    BUILDING. 

The  Pacific  States  Telephone  and  Telegraph  Building,  on  Bush 
street,  illustrated  the  tendency  of  the  earthquake  to  shear  off  project- 
ing pilasters  (PI.  Xlil,  A).  This  building  had  a  steel  frame,  stone- 
concrete  floor  arches,  furred  ceilings  above  the  basement,  and  con- 
cretc*  column  and  girder  coverings.  The  front  windows  were  of 
plate  glass  in  metal-coveivd  sash,  with  rolling  sti^l  shutters  on  the 
outside.  The  side  and  rear  windows  were  of  wire  glass  in  metal- 
covered  sash  and  frames,  with  sliding  tin-covered  wooden  shutters  on 
the  inside. 

The  window  j)r()t(M*tion  seems  to  have  prevented  the  entrance  of 
fire  from  the  outside,  but  in  some  other  way  an  interior  fire  was 
started  which  completely  gutted  the  Iniilding.  The  interior  fire 
practically  destroyed  the  ])late  glass,  but  not  the  rolling  steel  shutters. 
It  seriously  damaged  the  tin-clad  shutters,  but  did  not  damage  the 
wire  glass  appreciably.  Had  the  interior  fireproofing  been  as  effi- 
cient as  th(»  window  protection  it  is  doubtful  whether  this  building 
would  have  Imhmi  burned  out,  for  the  interior  fire  should  have  lieen 
confined  to  the  place  of  its  origin.     For  these  probable  facts  as  to  the 
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history  of  the  fire  in  this  building  I  am  indebted  to  S.  A.  Reed,  con- 
sulting engineer  for  the  connnittee  of  twenty  of  the  National  Board 
of  Fire  Underwriters.  Mr.  Reed  states,  however,  that  the  history  of 
the  fire  here  must  be  largely  surmise,  because  reliable  evidence  was 
not  obtainable. 

This  company  had  also  a  building  with  reenforced-concrete  floor 
construction  and  wire-glass  protection  for  its  windows  for  one  of  its 
branch  exchanges.  The  exposure  of  this  building  was  probably  not 
very  severe.  It  was  three  stories  high  and  the  fire  got  into  the  upper 
story  and  cleaned  it  out ;  but  the  floor  construction  prevented  the  fire 
from  extending  into  the  stories  below,  which  sufl'ered  practically  no 
damage  to  structure  or  contents.  A  part  of  the  third-story  wall 
was  thrown  down  either  by  the  earthcpiake  or  by  some  other  means, 
and  this  damage  may  have  opened  a  way  for  the  entrance  of  the  fire. 

PALACE    HOTEL. 

All  of  the  interior  and  the  exterior  w-alls  of  the  Palace  Hotel,  on  the 
south  side  of  Market  street,  were  built  of  brickwork.  It  is  reported 
that  the  brickwork  was  reen forced  with  embedded  iron  bars.  The 
structure  stood  remarkably  well,  and  there  is  little  indication  of 
earthquake  damage.  The  building  was  nonfireproof,  and  was,  of 
course,  completely  burned  out,  but  the  walls  still  stand  almost  as  good 
as  ever.     (See  PL  XXX,  B,) 

POST-OFFICE    ni  1 ILDI NO. 

The  steel-frame  and  granite  post-office  building  (Pis.  XLIT,  H\ 
XLIII;  XLIV)  was  carried  on  isolated  grillage  foundations,  each 
column  having  its  own  footing.  The  diagonals  of  the  building  ran 
nearly  north  and  south  and  east  and  west,  the  south  corner  being  at 
Seventh  and  Mission  streets.  To  the  south  and  west  of  jNIission 
street  was  an  elongated,  narrow,  curved  area  in  which  the  earth- 
quake damage  was  very  severe.  Jt  was  connnonly  reported  that  this 
area,  which  was  not  far  from  the  south  corner  of  the  j)()st-office  build- 
ing, was  a  stream  l)ed  or  ravine  that  had  lx»en  filled  within  the 
recollection  of  the  older  inhabitants  of  San  Francisco.  Through  the 
courtesy  of  J.  W.  Roberts,  the  Icxral  representative  of  the  Supervising 
Architect's  Office  of  the  Treasury  Department,  I  was  enabled  to  make 
a  detailed  inspection  of  the  building,  and  he  also  gave  me  very  com- 
plete information  as  to  the  history  of  the  building  and  the  causes 
of  the  various  items  of  damage  which  were  in  evidence  at  the  time 
of  my  inspection.  Mr.  R()l)erts,  who  is  evidently  a  cool  and  accu- 
rate observer,  seemed  of  the  opinion  that  the  material  under  the 
building  was  a  natural  deposit,  and  not  an  artificial  fill.     But  toward 
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quality  and  the  arches  were  very  heavy.  Many  of  the  floor  beams 
Avere  24  inches  deep,  and  that  was  consequently  the  depth  of  concrete 
at  the  haunches.  The  thickness  at  the  croNvn  seems  to  have  l^een  not 
less  than  5  or  0  inches,  and  the  span  l)etween  floor  l)eams  was  not 
more  than  (>  or  7  feet.  A  concrc^te  arch  of  such  dimensions  and  such 
span,  even  though  it  had  l)een  made  of  very  poor  concrete,  should 
have  stood  perfectly  well  liad  it  been  depending  on  its  own  power  of 
resistance  alone.  In  a  iunnl)er  of  j)laces  where  the  floor  did  not  col- 
lapse the  efl'ect  of  heat  on  the  exposed  lower  flanges  of  the  24-inch 
beams  was  sufficient  to  produce  a  deflection  of  (>  or  7  inches  on  a  span 
of  25  or  30  feet.  This  result  indicates  clearly  the  necessity  of  pro- 
tecting the  exposed  flanges  of  all  beams. 

PL  XXVI,  B^  shows  some  unconsumed  papers  about  th6  base 
of  the  cast-iron  colunni.  These  papers  came  from  a  vault  which 
opened  into  this  room  and  the  contents  of  which  were  charred, 
but  not  destroyed;  all  the  combustible  contents  of  the  room  proper 
were  destroyed.  The  dark  splotches  on  the  wall  in  the  background 
are  due  to  spalling  of  tlie  brickwork  at  the  surface  under  the  influ- 
ence of  the  fire.  This  phenomenon  was  noticed  in  a  number  of  places 
in  San  Francisco,  just  as  it  was  in  Baltimore;  but  as  a  rule  the  spall- 
ing did  not  penetrate  to  a  greater  depth  than  half  an  inch,  and  the 
wall  itself  was  practically  as  good  as  before.  In  the  fire  at  San  Fran- 
cisco, as  in  every  o;her  large  fire,  the  right  kind  of  brickwork  proved 
to  be  more  resistant  than  any  other  material. 

A  good  deal  of  the  plaster  on  the  interior  walls  in  the  city  hall 
was  on  wooden  furring  studs  and  wooden  laths.  Why  this  kind  of 
work  sliould  have  been  done  is  beyond  comj)rehensi(m.  Many  of  the 
corridors  would  have  sufl'ered  practically  no  damage  but  for  this  one 
circumstance.  As  tlie  fire  l)nrned  out  the  wooden  trim  of  openings 
l)etween  the  corridors  and  tlie  rooms  it  gained  access  to  the  wooden 
furring  and  l)urned  it  out  beliind  tlie  j)laster,  thereby  bringing  most 
•of  the  plaster  down.  There  were,  however,  many  square  yards  still 
standing,  although  the  wooden  furring  studs  and  laths  had  been 
burned  out  l)ehind.  Tliere  would  aj)i)ear  to  liave  been  no  reason  for 
furring  these  interior  walls;  the  plaster  could  just  as  well  have  l)een 
ai)plie(l  to  the  brickwork  itself.  As  a  matter  of  fact,  in  many  parts 
of  the  building  it  was  so  applied,  though  in  other  parts  the  walls 
wei-e  furred  witli  metal  lathing  and  studs.  AA'hy  a  uniform  treat- 
ment was  not  adopted  is  not  apparent. 

The  halls  of  the  l)uilding  were  generally  floored  with  marble  tile. 
Even  where  the  heat  had  aj)parently  not  been  very  intense  these  tile 
floors  expanded  and  came  up,  and  the  marl)le  was  rendered  chalky, 
while  the  color  was  c()mj)letely  ruined. 

In  this  building  a  number  of  girders  or  lintels  rested  upon  stone 
templates,  which  were  exposed  at  the  face  of  the  wall.     All  such 
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templates  that  were  subjected  to  the  heat  were  badly  spalled  and  shat- 
tered, and  one  or  two  of  them  had  failed  sufficiently  to  permit  the 
ends  of  the  girders  to  settle  an  inch  or  more.  I  also  noticed  a  num- 
ber of  places  in  the  walls  of  the  building  where  the  fire  had  evidently 
found  its  way  into  the  interior  of  unfilled  joints  through  very  small 
and  tortuous  passages. 

The  hall  of  records  was  connected  with  the  citv  hall  bv  means  of 
an  arcaded  corridor.  The  building  w^as  circular  and  all  the  floors 
above  the  first  w^ere  pierced  so  that  they  ])ractically  formed  galleries. 
The  beams  supporting  these  upper  floors  or  galleries  were  of  steel, 
set  radially  and  supported  at  their  inner  ends  l)y  girders  carried  on 
a  peristyle  of  12  circular  cast-iron  colunms,  which  had  no  fireproof 
covering  of  any  sort.  The  floor  arches  were  segmental  arches  of 
common  bricks.  The  lower  flanges  of  the  beams  were  exi)osed,  but 
the  evidence  indicated  that  there  nuist  have  been  a  suspended  ceiling 
of  some  sort  below  the  fireproof  floor  construction,  although  it  was 
impossible  to  determine  its  nature.  It  is  probable  that  it  was  carried 
on  combustible  supports  of  some  kind,  which  have  totally  disap- 
peared. As  the  records  had  l)een  carried  away  from  this  building 
before  the  fire  reached  it  the  heat  within  it  was  not  very  intense  and 
the  interior  of  the  structure  was  standing  in  a  comparatively  undam- 
aged condition,  except  for  finish.  The  exterior  walls,  however,  were 
badly  shattered  by  the  earthquake.  The  window^  shutters  were  of 
iron,  and  if  they  had  remained  in  place,  considering  the  situation  of 
this  building,  would  probably  have  kept  the  fire  out.  As  indicated 
in  the  view,  however,  the  earthquake  wrenched  some  of  these  shutters, 
w^ith  their  surrounding  masonry,  entirely  out  of  the  wall,  thereby, 
of  course,  leaving  easy  access  for  the  flames. 

As  previously  stated,  it  is  my  opinion  that  to  remove  tlie  debris 
and  restore  the  city  hall,  including  the  hall  of  records,  to  its  original 
condition  would  cost  as  much  as  the  entire  building  cost  in  the  l)egin- 
ning.  As  it  was  so  badly  damaged  by  the  shock  it  would  apparently 
be  wise  to  remove  it  altogether  and  build  a  structure  of  another  type 
designed  to  resist  earthquakes. 

cow  ELL    HllLDIXr;. 

No  special  interest  attaches  to  the  Cowell  Building,  except  that  it 
seems  to  have  l)een  more  flimsy  than  tlie  av(»rag(\  It  had  unprotected 
steel  work  and  girders  and  wooden-joisted  floors.  The  effect  of  fire 
on  the  unprotected  steel  work  is  well  illustrated  in  PI.  LI,  B. 

CKOCKEK    lU  ILI)IN(;. 

The  Crocker  Building  had  a  st(*el  frame  and  hollow-tile  fireproof- 
ing.     Some  of  the  tile  arches  had  totally  collapsed,  and  over  large 


90  THE    SAN    FRANCISCO    EARTHQUAKE    AND    FIRE. 

areas — probably  at  least  30  per  cent  of  the  whole — they  had  lost  their 
lower  webs.  There  was  nothing  of  special  interest  in  this  building 
more  than  has  l)een  described  with  other  buildings.  The  damage 
seemed  to  be  about  as  givat  as  the  average — probably  more  than  60 
per  cent. 

CROCJKER  estatp:  buh.ding. 

PI.  XXVIII,  B^  shows  the  kind  of  damage  to  ornamental  terra 
cotta  which  is  typical  of  both  earthquake  and  fire  action.  This  par- 
ticular view  was  selected  because  it  Avas  possible  to  take  it  from  a 
point  near  by  so  as  to  show  the  damage  in  detail.  The  Crocker 
Estate  Building,  a  part  of  which  is  shown  in  the  view,  had  cinder- 
concrete  floor  slabs,  rolled  beams  and  girders,  and  naked  cast-iron 
colunms.  The  fire  was  evidently  not  very  hot  in  this  building.  The 
lower  flanges  of  the  beams  and  girders  Avere  covered  with  expanded 
metal  and  plaster.  The  webs  of  the  beams  were  protected  with  cinder 
concrete  built  out  solid  from  the  webs  to  the  edge  of  the  flange.  Tlie 
rear  portion  of  this  building  and  a  building  of  similar  construction 
on  the  east  had  largely  collapsed,  apparently  as  a  result  of  the  action 
of  the  fire  on  the  naked  cast-iron  columns.  At  this  and  every  other 
point  where  exposed  cast-iron  columns  had  failed  it  was  often  noticed 
that  the  heads  of  the  colunms  broke  off  and  remained  attached  to 
girders  and  l>eams  by  means  of  the  lugs  and  bolts.  This  result  con- 
firms conclusions  derived  from  certain  experiments  made  a  number 
of  years  ago,  to  the  effect  that  the  lugs,  ril)s,  etc.,  at  the  heads  of  cast- 
iron  colunms  are  the  source  of  severe  shrinkage  stresses,  with  conse- 
quent weakness  in  the  cohunn. 

UKWEY    MONIfMENT. 

The  Dewey  monument,  in  Union  Square,  is  shown  in  PI.  XXX,  A, 
Careful  examination  indicates  that  the  upper  stone  of  the  shaft  has 
slij)ped  to  the  left  by  an  appreciable  amount — apparently  about  an 
inch.  The  second  stone  has  slij)ped  about  three-fourths  as  far,  and 
the  third  stone  from  the  top  about  one-fourtli  of  an  inch.  I  was 
informed  that  there  is  a  steel  l)ar  running  up  through  the  center  of 
the  shaft.  This  construction,  if  it  was  used,  explains-why  the  monu- 
ment was  not  thrown  to  the  gi'ound,  as  it  otherwise  must  have  been. 

EMPORlliM. 

The  Emporium  was  a  large  department  store  on  the  south  side  of 
Market  street,  between  Fourth  and  Fifth  streets  (PI.  XXXII).  The 
only  portion  of  its  interior  structure  which  remained  had  been  carried 
by  a  steel  frame.  It  is  reported,  however,  that  mill  construction  had 
been  used  for  the  upper  stories  in  a  portion  of  the  building.     It  is  also 
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reported  that  this  Imildiii^  was  dynamited  thn^e  times  during  the 
progi'ess  of  the  fire,  although  I  was  assured  by  a  policeman,  who 
claimed  to  have  been  on  duty  during  the  Avhole  time,  that  this  report 
was  not  true.  Under  the  circumstances,  it  is  a  little  difficult  to  draw 
a  reliable  conclusion  from  the  state  of  affairs  in  the  P^mporium. 
However,  examination  of  the  ruins' indicated  very  strongly  that  much 
of  the  trouble  w^as  due  to  the  inadequacy  of  the  fireproof  protection 
to  the  steel  work. 

PI.  XXXII,  ^'1,  is  a  general  view  of  the  collapsed  portion  of  the 
building  and  illustrates  the  failure  of  the  terra-cotta  column  covering 
in  various  stages.  The  hollows-tile  end-construction  arches  in  the 
mezzanine  floor  had  collapsed  over  considerable  areas,  under  the 
influence  of  heat  alone,  as  the  evidence  ])lainly  indicated  that  nothing 
coidd  have  been  precipitated  upon  them  and  that  they  were  not  sub- 
jected to  an  explosion.  A  considerable  i)ortion  of  the  rear  wall  of 
the  Emporium,  which  had  Ixmmi  thrown  down,  probably  partly  by 
earthquake  and  partly  by  the  fire,  presenttul  one  case  of  very  excellent 
mortar  used  in  a  commercial  building.  The  mortar  was  better  than 
the  bricks,  and  both  were  of  good  quality.  The  fireproofing  in  the 
lower  part  of  the  building  was  quite  as  good  as  that  ordinarily  found 
in  similar  structures  throughout  the  country.  In  fact,  it  w^ould  be 
easy  to  point  out  department  stores  not  so  Avell  fireproofed  as  the 
lower  part  of  the  P^imporium. 

I  have  always  been  of  the  opinion  that  the  Home  store  in  Pitts- 
burg, which  was  the  first  large  fireproof  department  store  to  be 
tested  by  fire,  was  really  closer  to  collapse  from  the  heat  than  is 
generally  believed.  After  the  covering  has  been  stripped  from  a 
steel  column,  the  time  and  heat  required  to  bring  it  dow^n  are  not 
very  great.  The  fact  that  the  covering  comes  off  during  a  fire  is 
absolute  proof  that  it  is  wholly  inade<iuate.  If  the  steel  column 
stands  up,  notwithstanding  the  loss  of  its  covering,  it  is  due  to 
good  luck  and  not  at  all  to  good  fireproofing.  In  the  Home  store 
the  covering  w^as  stripped  from  a  number  of  columns:  in  the  Pimpo- 
rium  Building  the  same  thing  happened,  but  the  heat  continued  a 
little  longer,  and  there  is  no  doubt  in  my  mind,  after  an  examination 
of  the  ruins,  that  at  least  a  portion  of  the  collapse  Avas  due  to  the 
failure  of  the  columns  under  heat.  Tlu*  floor  tiles  in  the  Emporium 
Building  lost  their  lower  wel)s  in  large  (juantities,  where  the  arches 
themselves  did  not  collai)se;  and  tiles  in  the  cohunn  covering  which 
did  not  come  off  bodily  also  lost  their  exposed  webs  in  considerable 
quantities.  The  ruins  of  the  Emporium  were  in  a  very  dangerous 
condition,  so  that  a  detailed  inspcH'tion  was  not  practicable;  and  it 
is  doubtful  whether  any  useful  results  would  have  followed,  because 
the  fireproofing  was  of  the*  ordinary  conunercial  type  which  has 
often  enough  been  proved  inadecpiate  to  resist  a  serious  fire. 
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areas — probably  at  least  30  per  ciMit  of  (lie  whole — they  had  lost  tlieir 
lower  webs.  Tliere  was  iu)thin«;  of  special  interest  in  this  building 
more  than  has  been  described  with  other  buildings.  The  damage 
seemed  to  be  about  as  gr(»at  as  th(^  average — probably  more  than  60 
per  cent. 

(•ROCKP]R    ESTATE    BUILDING. 

PI.  XXVIII,  B^  shows  the  kind  of  damage  to  ornamental  terra 
cotta  which  is  typical  of  both  earthquake  and  fire  action.  This  par- 
ticular view  w^as  selected  because  it  was  possible  to  take  it  from  a 
point  near  by  so  as  to  show  tlie  damage  in  detail.  The  Crocker 
Estate  Building,  a  part  of  which  is  shown  in  the  view,  had  cinder- 
concrete  floor  slabs,  rolled  lK»ains  and  girdei-s,  and  naked  cast-iron 
colunnis.  The  fire  was  evidently  not  very  hot  in  this  building.  The 
lower  flanges  of  the  l)eains  and  girders  were  covered  with  expanded 
metal  and  plaster.  The  webs  of  the  b(»anis  were  protected  with  cinder 
concrete  built  out  solid  from  the  webs  to  the  edge  of  the  flange.  ITie 
rear  portion  of  this  building  and  a  building  of  similar  construction 
on  the  east  had  largely  collapsed,  apparently  as  a  result  of  the  action 
of  the  fire  on  the  naked  cast-iron  columns.  At  this  and  every  other 
point  where  exposed  cast-iron  colunnis  had  failed  it  was  often  noticed 
that  the  heads  of  the  columns  broke  ofl*  and  I'emained  attached  to 
girders  and  l>eams  by  means  of  the  lugs  and  bolts.  This  result  con- 
firms conclusions  derived  from  certain  experiments  made  a  number 
of  years  ago,  to  the  effect  that  the  lugs,  ribs,  etc.,  at  the  heads  of  cast- 
iron  (colunnis  are  the  source  of  severe  shrinkage  stresses,  with  conse- 
quent weakness  in  the  column. 

DEW  E  V    M  ON  I ;  M  ENT. 

The  Dewey  monument,  in  Union  Square,  is  shown  in  PI.  XXX,  A. 
Careful  examination  indicates  that  the  upper  stone  of  the  shaft  has 
slipped  to  the  left  by  an  apj)recial)le  amount — apparently  about  an 
inch.  The  second  stone  has  slipped  about  three- fourths  as  far,  and 
the  third  stone  from  (he  to])  about  one-fourth  of  an  inch.  I  was 
informed  that  there  is  a  steel  bar  running  up  through  the  center  of 
the  shaft.  This  construction,  if  it  was  used,  explainswhy  the  monu- 
ment was  not  thrown  to  the  gi'ound,  as  it  otherwise  must  have  been. 

p:mp()rium. 

The  Emporium  was  a  large  department- store  on  the  south  side  of 
Market  street.  bc^twecMi  Fourth  and  Fifth  streets  (PI.  XXXII).  The 
only  portion  of  its  interior  structure  which  remained  had  been  carried 
by  a  steel  frame.  It  is  r(*])orted,  however,  that  mill  construction  had 
been  used  for  the  upper  stories  in  a  portion  of  the  building.     It  is  also 
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reported  that  this  building  was  dynamited  throe  times  during  the 
progress  of  the  fire,  although  I  was  assured  by  a  policeman,  w^ho 
claimed  to  have  been  on  duty  during  the  w  hole  time,  that  this  report 
was  not  true.  Under  the  circumstances,  it  is  a  little  difficult  to  draw 
a  reliable  conclusion  from  the  state  of  affairs  in  the  Emporium. 
However,  examination  of  the  ruins' indicated  very  strongly  that  much 
of  the  trouble  w^as  due  to  the  inadequacy  of  the  fireproof  protection 
to  the  steel  work. 

PI.  XXXII,  yl,  is  a  general  view  of  the  collapsed  portion  of  the 
building  and  illustrates  the  failure  of  the  terra-crotta  (»olumn  covering 
in  various  stages.  The  hollow-tile  ond-construction  arches  in  the 
mezzanine  floor  had  collapsed  over  considerable  areas,  under  the 
influence  of  heat  alone,  as  the  evidence  plainly  indicated  that  nothing 
could  have  been  i)recipitated  upon  them  and  that  they  w  ere  not  sub- 
jected to  an  explosion.  A  considerable  portion  of  the  rear  wall  of 
the  Emporium,  whi(!h  had  been  thrown  down,  probably  partly  by 
earthquake  and  partly  by  the  fire,  presented  one  case  of  very  excellent 
mortar  used  in  a  commercial  building.  The  mortar  w-as  better  than 
the  bricks,  and  both  were  of  good  quality.  The  fireproofing  in  the 
lower  part  of  the  building  was  quite  as  good  as  that  ordinarily  found 
in  similar  structures  throughout  the  country.  In  fact,  it  would  be 
easy  to  point  out  department  stores  not  so  Avell  fireproofed  as  the 
loTver  part  of  the  Emporium. 

I  have  always  been  of  the  opinion  that  the  Home  store  in  Pitts- 
burg, which  was  the  first  large  fireproof  department  store  to  be 
tested  by  fire,  was  really  closer  to  collai)se  from  the  heat  than  is 
generally  believed.  After  the  covering  has  been  stripped  from  a 
steel  column,  the  time  and  heat  recjuired  to  l)ring  it  down  are  not 
very  great.  The  fact  that  the  covering  comes  off  during  a  fire  is 
absolute  proof  that  it  is  AvhoUy  inadecjuate.  If  the  steel  column 
stands  up,  notwithstanding  the  loss  of  its  covering,  it  is  due  to 
good  luck  and  not  at  all  to  good  firej)r()()fing.  In  the  Home  store 
the  covering  was  stripped  from  a  number  of  columns;  in  the  Empo- 
rium Building  the  same  thing  hai)])ened,  but  the  heat  continued  a 
little  longer,  and  there  is  no  (lonl)t  in  my  mind,  after  an  examination 
of  the  ruins,  that  at  least  a  portion  of  the  collapse  was  due  to  the 
failure  of  the  columns  under  lieat.  The  floor  tiles  in  the  Emporium 
Building  lost  their  loAver  webs  in  large  quantities,  where  the  arches 
themselves  did  not  c()lla])se:  and  tiles  in  the  column  covering  which 
did  not  come  off  bodily  also  lost  their  exposed  webs  in  considerable 
quantities.  The  ruins  of  the  Emporium  were  in  a  very  dangerous 
condition,  so  that  a  detailed  inspection  was  not  practicable;  and  it 
is  doubtful  whether  any  useful  results  would  have  followed,  because 
the  fireproofing  was  of  the  ordinary  conunercial  type  which  has 
often  enough  been  proved  inadequate  to  resist  a  serious  fire. 
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had  apparently  been  covered  in  by  a  furred  beam,  or  other  archi- 
tectural feature,  since  destroyed,  was  entirely  devoid  of  protective 
covering.  A  great  many  people  in  San  Francisco  regarded  the 
behavior  of  these  columns  as  a  substantial  recommendation  of  cinder 
concrete,  but  the  whole  building  bears  evidence  of  having  been  sub- 
jected to  only  a  moderate  heat. 

SHREVE    BUILDING. 

The  columns  in  the  first  and  second  stories  of  the  Shreve  Building 
were  covered  with  cinder  concrete;  those  in  the  upper  stories  with 
hollow  tiles.  All  the  evidence  in  this  building  points  to  a  moderate 
heat.  The  plastering  on  the  columns  was  not  seriously  damaged, 
and  such  plastering  never  stands  an  intense  heat.  The  hollow  tiles 
on  the  columns  came  off  very  generally,  but  it  is  probable  that  the 
heat  was  more  intense  in  the  upper  portion  of  the  building  than  in 
the  lower  portion.  This  theory  is  supported  by  the  fact  that  the 
damage  to  the  masonry  adjacent  to  the  windows  was  most  severe  in 
the  upper  stories. 

This  building,  like  the  St.  Francis  Hotel,  is  cited  as  an  example 
of  the  excellent  behavior  of  cinder  concrete  as  a  column  covering, 
but  in  this  case  also  there  is  everv  reason  to  l)elieve  that  the  con- 
crete  did  not  receive  a  severe  test.  The  oidv  cinder-concrete  cover- 
inc:  I  saw  that  had  evidentlv  received  an  extreme  test  was  in  the 
basement  of  the  Aronson  Building,  as  descril)ed  on  page  79. 

SLOAN  K    BriLI)lN<J. 

The  mercantile  structure  known  as  the  Sloane  Building,  at  114 
Post  street,  had  cast-iron  colunnis.  protected  with  expanded  metal 
and  plaster.  The  lloor  slabs  weie  of  expanded  metal  and  cinder 
concrete.  The  basement  of  this  building  was  subjected  to  an  ex- 
tremely fierce  heat.  At  least  six  or  eight  of  the  columns  had  their 
coverin<r  dest roved,  and  the  columns  themselves  either  buckled  or 
failed  to  such  an  extent  that  a  large  portion  of  the  framework  above 
was  knocked  down  afterwards  as  a  matter  of  safetv.  In  the  rear 
of  the  l)asenient  two  rows  of  colunnis  across  the  entire  width  of 
the  ImildiniT  had  ])racticallv  all  failed  in  the  same  wav,  but  the 
debris  was  piled  around  them  to  such  an  extent  that  views  could 
not  be  obtained. 

SCRINO    VALLKV     WATKK    ro.MlWNv's    lUILDINO. 

The  Spring  Valley  Water  Company's  Building,  at  Post  and  Geary 
streets,  was  used  for  otlice  puri)()>es  in  the  upper  stories  and  for  mer- 
cantile purpo>es  in  the  \\v>{  ami  second  stories.  The  southeast  corner 
had  totally  collapsed  {V\.  L,  A),  apparently  from  the  failure  of  the 
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basement  or  first-story  columns  under  the  action  of  the  heat.  PI. 
XLV,  A,  is  a  view  taken  in  the  first  story  of  this  building,  which  had 
been  occupied  by  the  City  of  Paris  Dry  Goods  Company.  This  view 
is  submitted  as  ilhistrating  a  typical  but  rather  l)ad  example  of  the 
loss  of  lower  webs  from  hollow-tile  floor  arches.  The  cohimn  cover- 
ings shown  in  the  view  had  suffered  about  as  little  as  any  others. 
The  coverings  of  other  columns  in  tlie  same  building  were  practically 
destroyed,  as  were  also  the  partitions.  The  same  sort  of  damage  as 
that  shown  in  PI.  XLV,  /I,  was  phi  inly  visible  in  some  of  the  upper 
stories  of  this  building,  especially  the  second  story. 

.A  stairway  carried  on  unprotected  cast-iron  strings  was  destroyed 
by  the  heat  in  this  building.  The  same  thing  occurred  in  a  number 
of  other  buildings  in  San  Francisco,  even  where  the  stairways  had 
been  walled  off  by  hollow-tile  partitions  or  by  partitions  made  of 
light  studs,  metal  lathing,  and  plaster.  It  has  generally  been  con- 
sidered— in  commercial  Avork,  at  any  rate — unnecessary  to  protect  a 
stairway  carried  on  cast-iron  strings,  but  the  San  Francisco  fire 
showed  that  some  form  of  protection  is  very  essential.  AVhere  the 
inclosing  partitions  did  not  fail,  the  stairways  were  of  course  not 
seriously  damaged,  but  as  a  matter  of  fact  the  partitions  failed 
almost  everywhere  in  San  Francisco. 

ITNION    FERRY    BUILDINCJ. 

The  Union  Ferry  Building  (PI.  XLVI,  A)  is  a  large  structure — 
practically  of  monumental  proportions — which  forms  the  terminus  of 
all  the  ferry  lines  plying  between  San  Francisco  and  various  other 
points  on  the  bay.  It  is  built  on  piles,  with  heavy  stone  walls,  backed 
with  brickwork.  The  stone  is  the  grayish-green  sandstone  elsewhere 
de,scribed.  The  floor  construction  consists  of  steel  beams  and  girders, 
with  stone-concrete  slabs  reenforced  with  expanded  metal.  The  lower 
flanges  or  girders  and  beams  were  not  ])rot(»cted.  Near  the  center  of 
the  west  front  a  high  tower  rises  to  a  considerable  distance  above  the 
building.  The  fire  did  not  gain  entrance,  l)ut  the  building  was. very 
seriously  racked  and  damaged  by  the  earthcjiiake.  The  dauuige  was 
not  at  all  of  a  fatal  nature,  however,  and  the  building  was  kept  in 
practically  continuous  operation  as  a  ferry  termiiuis.  The  tower, 
which  was  built  with  a  braced  steel  frame,  inclosed  to  a  height  of 
several  stories  with  a  he^vy  wall  composed  of  sandstone  l)acked  with 
brick,  and  closed  in  Avith  W(K)d  and  sheet  metal  al)()ve  the  masonry 
part,  was  so  badly  damaged  that  the  masonry  walls  Avere  l)eing 
removed  at  the  time  of  my  inspection.  To  judge  by  the  effects  on  this 
tower,  the  gi^eatest  intensity  of  the  earthquake  vibration  must  have 
been  from  northwest  to  southeast.     The  bracing  was  badly  strained. 
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and  in  this  case  there  can  be  no  question  that  the  effect  was  entirely 
due  to  the  earthquake.  The  masonry  in  the  tower  was  of  an  admira- 
ble quality. 

In  PI.  XL VI,  B^  is  shown  a  crack  in  the  brick  masonry  on  the 
inside  of  the  tower,  together  with  a  part  of  a  diagonal  tie-rod  which 
had  been  stretched  l^eyond  the  elastic  limit  and  was  hanging  with  a 
noticeable  sag.  It  will  Ix^  noted  that  the  brickwork  was  well  bonded 
and  that  the  joints  were  well  filled.  The  mortar  was  much  harder 
than  the  bricks,  but  l>oth  were  of  good  (juality.  It  is  also  evident 
from  this  view  that  there  was  no  general  shattering  of  the  entire 
mass;  there  was  a  well-defined  crack,  but  nothing  else. 

At  the  northwest  corner  of  the  tower,  about  halfway  from  the  roof 
of  the  main  building  to  the  top  of  the  masonry  walls  of  the  tower,  a 
diagonal  tie-rod  had  l)een  fastened  to  the  wall  girder  by  means  of  a 
gusset  plate,  with  eight  rivets  in  it.  Seven  of  these  rivets  were 
sheared  under  the  action  of  the  earthquake,  leaving  the  plate  hanging 
by  the  eighth  rivet  at  the  time  I  saw  it  (PI.  XLVII,  B). 

One  detail  of  the  bracing  in  the  ferry -building  tower,  of  which 
a  satisfactory  photograph  could  not  be  procured,  was  as  follows: 
The  wall  girders  at  the  difTerent  floor  levels  were  utilized  for  the 
wind  struts  of  the  bracing.  In  the  lower  part  of  the  tower  the  diag- 
onal tie-rods  were  fastened  directlv  to  the  wind  struts.  The  ends 
of  the  wind  struts  rested  Ix^tween  upper  and  lower  seats  attached 
to  the  coluuuis,  and  were*,  as  a  rule,  bolted  to  each  of  those  seats 
witli  nothing  but  two  J -inch  bolts,  the  idea  evidently  being  that,  as 
the  struts  resisted  compression  only,  it  was  not  necessary  to  fasten 
them  to  the  columns  with  anything  designed  to  resist  any  consid- 
erable force  tending  to  separate  them  from  the  column.  The  upper 
seat  was  evidently  designcul  to  take  the  vertical  component  of  the 
stress  in  the  diagonal,  and  the  lower  seat  to  take  this  load  in  addi- 
tion to  the  (UMlinarv  load  which  the  wind  strut  transmitted  to  it  in 
its  capacity  as  a  girder.  The  bolts  fastening  the  ends  of  several  of 
the  wind  struts  to  their  seats  had  been  sheared,  and  the  struts  had 
almost  slipped  out  from  between  the  seats. 

In  the  upper  part  of  the  tower  a  ditFerent  method  was  adopted, 
the  diagonal  ti(»-r()ds  being  fastened  to  iKMit  plates  that  passed  around 
the  outside  of  the  colunnis  opj>osite  the  ends  of  the  wind  struts.  No 
shearing  of  the  bolts  or  slipping  of  the  struts  was  noticeable  at  these 
points.  It  is  plainly  ap]iaren^  that  ordinary  assumptions  made  in  de- 
signing wind  struts  will  not  apply  when  it  is  desired  that  the  bracing 
shall  resist  earth<inakes.  There  is  evidentlv  a  tendencv  for  the  col- 
unuis  at  the  ends  of  a  wind  strut  to  buckle  outward,  and  therebv  also 
a  tendency  to  ])ull  the  strut  out  from  between  its  st»ats.  In  fasten- 
ing bracing  to  resist  eartlKjuake  shock,  therefore,  the  struts  should 
be  fastened  to  tlic  colunnis  at  their  ends  much  more  securelv  than 
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is  ordinarily  done.  In  fact,  if  the  diagonal  is  to  l)e  fastened  directly 
to  the  wind  strut,  there  should  be  a  connection  between  the  strut  and 
the  column  capable  of  taking  up  the  horizontal  comj^onent  of  the 
stress  in  the  diagonals.  Knee  braces,  such  as  those  used  in  the  Call 
Building,  possess  a  manifest  superiority  over  ordinary  bracket  seats 
in  construction  of  this  sort.  An  examination  of  the  condition  of  the 
bracing  in  the  ferry-building  tower  can  leave  no  doubt  whatever 
that  the  tower  was  just  on  the  point  of  total  collapse.  Conditions 
were  so  bad  that  the  superintendent  of  the  contracting  firm  that 
was  taking  the  masonry  down  evidently  felt  a  little  uneasy  about 
what  would  happen  when  the  masonry  covering  was  removed  from 
the  portion  of  the  steel  work  where  the  bracing  Avas  most  seriously 
damaged.  He  was  ])roceeding  with  great  judgment  and  caution, 
however,  and  no  doubt  succeeded  not  only  in  removing  the  damaged 
masonry  with  safety,  but  in  so  tying  together  tlie  steel  work  as  to 
avoid  all  danger  of  collapse. 

A  part  of  the  masonry  in  the  east  front  of  the  tower  was  precipi- 
tated from  its  position  (PL  XLVI,  .1)  and  fell  through  the  sky- 
light and  onto  the  floor  of  the  corridor  in  the  upper  story  of  the 
main  building.  This  floor  consisted  of  stone  concrete,  reenforced 
with  expanded  metal,  and  carried  by  steel  beams  with  spans  appar- 
ently of  7  or  8  feet.  The  contractor's  superintendent,  already  men- 
tioned, told  me  that  he  thouglit  tlie  amount  of  masonry  so  ])recipi- 
tated  on  this  floor  amounted  to  .*^0  or  40  tons.  It  punched  in  the 
floor  one  small  hole  not  mucli  hirger  than  a  man's  fist,  Init  nothing  of 
any  size  got  through.  It  is  (loul)tful  whether  any  form  of  floor 
arch  or  slab  except  reenforced  concrete  and  possibly  solid  brick 
would  have  stood  this  test  so  successfullv.  Certainly  no  hollow-tile 
floor  such  as  those  in  ordinary  use  would  have  stood  it  for  a  moment; 
the  falling  mass  w^ould  have  gone  on  through  to  the  ground. 

Along  the  west  front  of  the  ferry  building,  about  halfway  up  the 
second-story  wnndow  piers,  most  of  the  stonework  had  slipped  about 
an  inch.  Some  of  the  first-story  piers  were  so  badly  shattered  by  the 
earthquake  that  they  had  to  be  boxed  in  to  prevent  the  loose  stone 
from  falling.  There  were  in  the  floor  construction  of  the  tower  and 
of  the  building  proper  a  few  cracks  which  I  thought  might  be  due 
to  the  earthquake,  although  it  is  possible  that  they  may  have  been 
shrinkage  cracks.  I  was  not  able  to  get  any  ccmvincing  testimony 
on  this  point,  but  I  have  seen  a  good  many  shrinkage  cracks  and  am 
of  the  opinion  that  most  of  these  cracks  were  due  to  the  earthquake 
and  not  to  shrinkage.  On  the  whole,  the  ferry  building  stood  the 
shock  remarkably  well.  It  would  seem  to  be  the  part  of  wisdom, 
however,  to  tear  the  tower  down  altogether  and  not  to  rebuild  it. 
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UNION    TItUST   company's    BUILDING. 

The  ordinary  steel-frame  Union  Trust  Building,  with  terra-cotta 
fii'eproofing,  came  through  tlie  earthquake  in  about  the  same  condi- 
tion as  tlie  average  fireproof  building  in  Baltimore  after  the  fire. 
From  the  exterior  it  presented  the  appearance  of  having  stood  the 
ordeal  about  as  well  as  any  other  building  in  San  P'rancisco  that 
was  completely  guttcnl.  The  damage,  however,  was  probably  at 
least  as  great  as  that  suffered  by  such  buildings  as  the  Continental 
Trust  in  Baltimore.  Lower  webs  were  off  in  many  places,  and 
coluuni  and  girchn*  coverings  were  damaged  to  a  considerable  extent 
(PI.  U/?). 

MISCELLANEOI  S    STRUCTURES. 
GENERAL  DISCITSSION. 

A  number  of  buildings  of  fire-resistant  construction  in  San  Fran- 
cisco, such  as  the  Mutual  Savings  Bank,  the  Hibernia  Bank  (see  PL 
XXXVII,  .1),  and  several  otliei's,  have  not  been  specifically  men- 
tioned in  this  report,  but  they  presented  nothing  of  more  than  ordi- 
nary interest.  Detailed  descriptions  have  been  given  of  at  least 
one  example  of  everything  that  was  typical,  and  practically  every- 
thing described  in  detail  Avas  typical  of  many  other  cases  of  the 
same  general  class. 

A  building  at  First  and  Xatoma  streets  had  naked  cast-iron 
columns,  steel  girders,  reenforced-concrete  beams  from  girder  to 
girder,  and  reenforced-concrete  slabs  from  l)eam  to  beam.  The 
reenforcenient  of  the  concrete  beams  consisted  of  plain  round  rods 
passing  through  the  webs  of  the  girders  and  fastened  with  nuts  in 
the  same  way  as  tie-rods.  The  aggregate  of  the  concrete,  in  the 
l)eams  at  least,  setMus  to  have  been  of  stone.  Some  of  the  slabs  looked 
as  if  some  cinders  had  l)een  used  in  them,  but  this  appearance  may 
have  been  dut*  to  (lama<re  bv  the  fire.  At  anv  rate  the  concrete  was 
verv  badlv  damairod,  as  will  be  seen  in  some  of  the  rear  bavs  of  the 
upper  floor.  Where  the  deflc^ction  was  worst  there  may  have  been 
something  j)recipitated  upon  the  floor,  but  even  at  other  j)oints  con- 
.-iderable  deflection  was  aj)i)arent,  together  with  serious  damage  to 
the  concrete.  It  was  evident,  from  the  beams  hanging  down  in  the 
front,  that  in  erecting  this  l)uil(ling  the  forms  for  the  beams  were 
filled  fii'st  and  the  slabs  were  put  on  afterwards,  so  that  there  was 
ro  adecjnate  bond  between  the  beams  and  the  slal)s.  The  reenforce- 
ment  of  the  slabs  in  this  building  was  a  A'ery  light  twisted-wire  mesh, 
and  th<*  onlv  wonder  is  that  it  held  as  well  as  it  did.  The  remains 
of  a  furred  wire-lath  ceiling  were  visible,  and  the  failure  of  tliis 
ceiling  is  ty})ical  of  what  occurred  in  many  other  buildings. 


BEHAVIOB   OF    INDTVIDUAT.   STRUCTURES.  109 

It  will  be  noted  that  there  was  no  reenforeed-eoncrete  construction, 
pure  and  simple,  in  San  Francisco.  The  warehouse  of  the  Bekuis 
Van  and  Storage  Company  (PL  XXVII,  ^4),  in  process  of  construc- 
tion, had  reenforeed-eoncrete  cohunns  and  floor  construction  and 
brick  walls.  The  walls  were  badly  damaged  by  the  earthquake,  but 
the  reenforced  concrete  was  absolutely  uninjured.  This  building, 
however,  w^as  unflnished,  and  the  lower  portion  of  it  Avas  not  sub- 
jected to  the  stresses  which  would  have  resulted  had  it  been  com- 
plete, with  all  its  contents.  In  that  case  the  energy  due  to  the 
vibration  of  the  greater  superincumbent  mass  miglit  have  produced 
elfects  which  were  not  produced  in  its  unfinished  condition. 

One-half  of  the  circular  observatory  on  StraAvberrv  Hill,  in  Golden 
Gate  Park  (PI.  XXIII,  J.),  Avas  thrown  down  l)y  the  earthquake. 
I  did  not  make  a  persoiuil  examination  of  it,  except  from  a  distance, 
but  was  informed  that  it  had  Ixkmi  reenforced  with  heavv  iron  rods 
lx»dded  in  the  masonry.  It  was  reported  to  me  that  these  rods  were 
broken  at  the  point  Avhere  the  collapsed  ])ortion  had  separated  from 
the  part  still  standing.  The  general  efl*e(!t  of  the  earthquake  on 
hollow  circular  structures  of  all  sorts  seems  to  have  been  a  tendencv 
to  increase  their  diameter.  AVhere  this  tendencv  was  very  marked, 
it  naturally  caused  their  collapse. 

Practically  all  the  other  photographs  submitted  and  Jiot  spe- 
cifically referred  to  in  the  foregoing  j)ages  were  tak(»n  with  a  view 
of  showing  earthquake  damage.  The  tower  of  the  church  next  to 
the  old  Mission  Dolores  was  dangerously  near  Ix^ing  thrown  down, 
and  had  to  be  pulled  down  later,  as  shown  in  PL  XXIII,  /?.  PL 
XXXVII,  B^  is  a  view  of  a  brewery  which  had  been  four  stories 
high,  with  a  tower  at  the  corner  extending  to  a  considerably  greater 
height  than  the  building.  The  danuige  was  due  to  earthquake  alone. 
PL  XXI,  ^1,  shows  a  case  of  eartlKjuake  damage*  pure  and  simple. 
It  will  l)e  observed  that  the  face  bricks  were  not  bonded,  and  were 
thrown  down  in  large  quantities.  None  of  the  brickwork  in  this 
building  seems  to  have  been  of  a  very  good  (piality. 

An  old-fashioned  brick  building  of  ordinary  construction  near 
Fort  Mason  appeared  to  have  survived  the  eartlujuake  absolutely 
undamaged.  This  example  indicates  the  variation  in  the  intensity 
of  the  earthquake  within  relatively  short  distances. 

PL  XXXIII,  .1,  shows  a  building,  known  as  the  l^utler  l^uilding, 
which  was  partially  completed  at  the  tiuie  of  the  eartlKpiake.  When 
I  first  saw  it  the  side  wall,  which  ai)])ears  in  the  illustration  as 
nearly  torn  down,  was  standing  at  al)()ut  the  same  height  as  the  front 
wall  (shown  at  the  right  side  of  the  picture).  This  side  Avail  had  a 
few  earthquake  cracks  in  it  which  were  ])lainly  vi.^ible,  but  it  was 
a  matter  of  surprise*  to  see,  a  few  days  later,  that  the  wall  had  Ixhmi 
practically  torn  down;  for  if  this  wall  was  damaged  sufficiently  to 
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justify  its  destruction,  a  greai  many  Avails  of  other  steel-frame  build- 
ings ought  to  have  come  down  also.  This  building  was  of  the 
ordinary  steel-frame  type,  without  any  bracing.  The  walls  were 
very  light,  and  on  the  principal  fronts  they  were  pretty  w^ell  shaken 
to  pieces.  A  superficial  examination  indicated  that  they  were  mucli 
more  seriously  damaged  than  the  side  wall  which  had  been  torn 
down.  This  building  appears  in  the  background  of  the  view  of  the 
Dewey  monument  (PI.  XXX,  J).  At  the  time  this  view  was  taken 
a  considerable  amount  of  the  masonry  in  the  front  wall  had  been 
removed,  but  there  was  still  a  great  deal  which,  in  m}'^  judgment,  was 
too  badly  damaged  to  be  safely  left. 

PI.  LV  is  a  panorama  taken  from  Pine  and  Powell  streets.  The 
building  on  the  left  side  of  the  street  at  the  left  is  the  Merchants' 
Exchange.  To  the  right,  just  behind  the  high  ground  and  trees,  is 
the  Mills  Building,  and  farther  to  the  right  is  the  Union  Trust 
Building.  The  other  buildings  will  probably  be  recognized  by  per- 
sons who  are  more  or  less  familiar  with  the  city;  the  names  of  the 
chief  ones  are  given  on  the  plate.  It  will  1k^  observed  that  this 
panorama  covers  an  arc  of  nearly  180^.  The  Twin  Peaks  appear 
some  distance  to  the  right  of  the  city  hall. 

ORDINARY  BUILDINQS  AND  RESIDENCES. 

The  effect  of  the  earthquake  on  miscellaneous  buildings  of  the 
cheaper  class  was  more  or  less  interesting.  There  were  a  number  of 
brick  dwellings  in  San  Francisco  faced  with  arch  bricks  laid  in 
Flemish  bond.  Then*  bricks,  of  course,  are  considerably  harder  and 
stronger  than  ordinary  red  l)ricks.  'I'hough  they  make  a  very  rough 
wall,  it  is  interesting  and  attractive,  like  tlie  old  colonial  brickwork 
in  the  East.  Apparently  these  houses  were  very  strong.  Whether 
it  was  good  luck  in  all  cases,  or  whethei*  this  brickwork  really  was 
much  superior  to  the  average  brickwork  used  in  San  Francisco,  I 
saw  not  a  singles  example  of  earthquake  damage  to  any  house  built  in 
this  way.  I  noticed  eight  (u*  ten  of  these  dwellings,  and  not  one  of 
them  was  damaged.  The  same*  fact  had  been  noticed  by  the  enlisted 
juan  who  accompanied  me  as  a  photographer.  He  ai)parent]y  had 
seen  a  greater  nnmhei*  of  buildings  of  this  kind  of  brickwork  than  I 
had,  and  he  stated  that  not  one  of  them  seemed  to  have  suffered  anv 
injury,  although,  in  many  cases,  their  neighbors  had  been  seriously 
damaged. 

A  considerable  nnmber  of  frame  buildings  had  practically  col- 
laj)sed  under  the  eartlKjuake;  some  of  them  were  thrown  bodily  from 
their  foundations.  Plaster  was  generally  shaken  loose  from  w^ooden 
lathing,  but,  so  far  as  1  saw.  none  that  was  applied  to  good  metallic 
lathing,  such  as  heavy  wire  lath  or  expanded  metal,  had  been  shaken 
down. 
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As  a  result  of  mv  observations,  I  am  inclined  to  think  that  a 
building  of  the  following  type  would  be  very  desirable  for  residential 
purposes  in  an  earthquake  country : 

The  frame  should  be  of  timber,  rather  heavy  and  thoroughly 
braced,  with  all  the  vertical  members  continuous  from  bottom  to  top, 
or  else  thoroughly  spliced.  The  horizontal  members  should  be  made 
as  nearly  continuous  as  possible — preferably  by  full  splices.  Hori- 
zontal and  vertical  memlx^rs  shouhl  also  l)e  fastened  together  as 
rigidly  as  possible,  diagonal  braces  being  used  wherever  conditions 
will  permit.  The  frame  should  Ix^  covered  on  the  outside  with 
expanded  metal  and  this  metal  j)histered  on  both  sides,  a  good  deal 
of  cement  being  used  in  the  phister.  The  (»xterior  can  be  finished  in 
stucco  or  pebble  dash,  as  desired.  The  interior  of  the  frame  should 
be  covered  with  ex})anded-metal  lathing  and  the  ordinary  interior 
plaster-finish  put  on.  The  ceilings  also  should  be  finished  with 
expanded  metal  and  plaster.  In  my  judgment,  a  building  of  this 
sort  could  be  put  up  for  very  little  more  than  the  cost  of  an  ordinary 
frame  dwelling,  and  would  not  only  come  through  an  earthquake 
much  l)etter,  but  would  be  very  nnich  more  difficult  to  set  on  fire  and 
would  burn  much  more  slowlv  after  it  was  on  fire. 

CHIMNEYS. 

Chimneys  seemed  to  be  shaken  down  b}^  the  earthquake  every- 
where; even  where  there  was  no  other  damage  this  result  was  almost 
universal.  The  chimneys,  as  a  lule,  were  built  of  bricks  laid  in  lime 
mortar,  and  generally  broke  off  at  the  point  where  they  came  through 
the  roof.  Reenforced-c(mcrete  chinmeys  with  a  terra-cotta  lining 
would  be  very  little  more  expensive  than  the  kind  that  were  ordi- 
narily used  in  San  Francisco,  and  would  have  suffered  very  nuich 
less  damage.  If  any  chinuiey  projects  a  (Muisiderable  distance  above 
the  roof,  it  would  be  advisable  to  brace  it  near  its  uj)per  end  to  the 
roof  in  some  way,  so  that  it  would  not  be  fr(H^  to  vibrate.  It  seems 
probable  that  this  plan  might  have  saved  some  of  the  chimneys  that 
failed.  Appearances  seemed  also  to  warrant  the  conclusion  that  in 
the  vibration  some  chimneys  were  i)i<)ught  up  short  against  the  roof 
framing  and  thus  caused  to  break  otf  at  this  point.  If  there  had 
been  a  little  more  room  for  relative  viln-ation  between  the  chinmev 
and  the  framing,  it  seems  possii)le  that  some  of  these  chinmeys  would 
not  have  fallen.  The  best  way  to  prevent  such  damage  is  to  build 
the  chimneys  of  reenforced  concn^te  (u*  of  some  other  material  that 
has  both  rigidity  and  great  tensile  strength.  Such  chinmeys  would 
not  ordinarily  break  otf,  even  though  they  jostled  against  the  roof 
timbers. 
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BRICK  SMOKESTACKS. 

There  were  a  great  ninny  brick  smokestacks  in  San  Francisco, 
nearly  all  of  which  suffered  more  or  less  damage.  For  some  reason 
circular  stacks  seemed  to  suffer  more  than  square  ones,  but  the  num- 
ber of  square  stacks  in  evidence  was  not  sufficient  to  justify  general 
conclusions. 

The  views  of  brick  stacks  speak  for  themselves  to  a  great  extent. 
The  stack  of  the  Valencia  street  power  station  (PI.  LIII,  ^4)  was  of 
some  interest  because  of  its  peculiar  cross  section — an  eight-pointed 
star.  At  the  vertices  of  two  diametrically  opposite  reentrant  angles 
the  stack  was  split  j)ractically  from  top  to  bottom.  The  ruins  of  a 
circular  stack,  situated  near  San  Jose,  are  shown  in  PI.  XIII,  A, 
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OAKLAND. 

I  made  one  trip  to  Oakland  and  went  through  the  greater  part  of 
the  town.  A  good  many  ciiimneys  had  been  shaken  down  and  the 
front  walls  of  a  number  of  ordinary  brick  buildings  had  been  pre- 
cipitated into  the  street.  Several  steel-frame  buildings  faced  with 
sandstone  were  badly  racked,  and  in  places  some  of  the  stone  had 
been  shaken  into  the  street.  Some  of  the  steel-frame  luiildings 
showed  the  same  kind  of  damage  as  the  Monadnock  and  new  Chroni- 
cle buildings  in  San  Franchisee).  The  damage  in  Oakland  in  general 
was  not  different  in  type  from  that  in  San  Francisco,  but  it  was 
much  less  extensive,  and  individual  cases  were,  as  a  rule,  much  less 
marked. 

TALO    ALTO. 

T  visited  Palo  Alto,  and  through  the  courtesy  of  President  Jordan, 
of  the  Leland  Stanford  Junior  Universitv,  was  enabled  to  make  a 
satisfactory  examination  of  the  damaged  buildings  at  the  university. 
Thes(»  buildings  n^presented  in  a  general  way  three  different  types. 
Amonjr  them  w(»re  some  old  buildinirs  faced  with  vellow  sandstone, 
which  had  been  built  in  the  earlv  (lavs  bv  hired  labor,  under  the 
supervision  of  (lovc^rnor  Stanford  himself.  All  the  sandstone  used 
at  the  university  was  of  a  light  yellow-buff  color,  rather  soft,  and 
apparently  not  very  strong.  In  these  older  buildings,  however,  the 
cut  stone  had  <ro<>(l  wide  beds,  was  carefullv  laid,  was  well  bonded  to 
the  l)ncking,  and  was  solidly  backed  up  with  brickwork.  These 
buildings  were  damaged  seriously,  but  by  no  means  beyond  rei)air. 

Tn  addition  to  these  older  buildings  there  were  some  newer  ones  of 
the  same  general  design,  l)nt  the  sandstcme  facing  was  thinner  and 
the  beds  not  so  wM  cut  nor  so  wide.     The  backing  was  not  so  good. 
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Much  of  it  consisted  of  rubble  made  of  very  small  pieces  of  stone, 
apparently  gathered  up  where  stonecutters  had  been  working. 
Many  of  these  spalls  were  not  larger  than  a  man's  fist,  and  in  places 
4  or  5  square  feet  of  the  \vall  w  as  entirely  backed  up  with  this  mate- 
rial. The  bonding  of  the  stone  facing  to  the  backing  seemed  to  Iw 
less  thorough  in  the  new  buildings  than  in  the  old.  In  short,  the 
newer  buildings  conformed  rather  to  the  modern  conmiercial  stand- 
ard of  building  construction;  the  old  ones  approached  the  monu- 
mental. The  newer  buildings  suffered  materially  more  than  the  old. 
They  were  not,  however,  of  a  type  that  would  indicate  culpable  negli- 
gence or  incapacity  on  the  part  of  anyone  connected  with  their  design 
and  erection,  although  they  were  distinctly  inferior  in  type  to  the 
older  buildings.  The  mortar  used  was  not  by  any  means  poor.  It 
seems  to  have  been  lime  mortar  gaged  with  cement.  I  tried  it  at  a 
number  of  points  where  the  buildings  had  suffered  very  severely,  and 
it  was  distinctly  better  than  the  average  mortar  found  in  ordinary 
commercial  work,  although  not  as  good  as  straight  cement  mortar 
would  have  been. 

The  buildings  of  the  third  class  at  Stanford  University  were  built 
of  concrete.  The  girls'  dormitory  had  concrete  walls  and  timber 
interior  construction,  and  in  the  central  portion  of  the  Leland  Stan- 
ford Junior  Museum,  the  oldest  part  of  the  building,  the  walls  and 
interior  construction  were  of  reen forced  concrete.  There  were  two 
wdngs,  built  of  brickwork,  with  reen  forced-concrete  floor  construc- 
tion. It  is  reasonable  to  suppose  that  the  intensity  of  the  force  ap- 
plied to  this  building  by  the  earthquake  was  nearly  uniform  over  the 
entire  structure.  The  two  brick  wings  were  i)ractically  shaken 
down,  suffering,  I  should  judge,  considerably  more  than  50  per  cent 
damage.  The  reen  forced-concrete  central  portion,  viewed  from  the 
exterior,  seemed  absolutely  undamaged.  In  the  interior  a  few  cracks 
had  opened  up,  but  they  were  not  of  serious  consequence.  I  should 
judge  that  a  thousand  dollars  would  easily  cover  all  the  repairs  to  this 
part  of  the  building.  Its  valuable  contents  were,  to  a  large  extent, 
thrown  to  the  flooi's  and  smashed,  involving  a  consideral)le  loss;  l)ut 
the  structure  itself  suffered  almost  no  injury.  The  only  damage  to 
the  girls'  dormitory  was  caused  by  a  chimney  that  t()i)pled  over  and 
crashed  down  through  the  roof,  doing  some  damage  on  the  inside. 
By  good  luck,  no  one  was  hurt  in  this  building.  The  concrete  wall 
showed  one  or  two  cracks,  which,  however,  w-ere  said  to  1x5  shrinkage 
cracks  that  had  appeared  soon  after  the  building  was  finished.  The 
earthquake  apparently  had  caused  no  visible  damage  of  any  sort  in 
the  exterior  walls. 

It  was  noticed  that  those  buildings  which  had  completely  trussed 
roofs  suffered  much  less  than  those  in  which  the  walls  had  to  take 
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the  thrust  of  the  rafters.  This  result  was  naturally  to  be  expected, 
and  indicates  that  in  earthquake  countries  walls  should  not  be  sub- 
jected to  the  thrust  of  the  rafters  at  all.  Tlie  damage  at  the  univer- 
sity also  indicated  clearly  the  necessity  of  thoroughly  tying  all  the 
walls  to  the  roof  construction,  gable  walls  as  well  as  others.  The 
university  post-office  building  was  said  to  l)e  of  reenforced  concrete 
and  undamaged.  Very  good  illustrations  of  the  damage  at  Stanford 
University  can  be  seen  in  the  Engineering  News  for  May  10,  1906, 
and  in  the  Engineering  Record  for  May  12,  1906.  (See  also  Pis. 
XIV,  A;  XV;  XVI;  XVII,  B;  XVIII.)'  A  concrete-block  buUding 
in  the  town  of  Palo  Alto  was  totallv  demolished. 

OTHER   TOWNS. 

Concrete-block  buildings  elsewhere  were  also  reported  as  totally 
destroved.     The  various  structures  of  the  Southern  Pacific  Railroad 

ft 

along  the  coast  division  had  suffered  more  or  less  damage.  One  or 
two  stations  faced  with  a  sandstone  similar  to  that  used  at  the  Le- 
land  Stanford  Junior  University,  and  built  in  the  ordinary  style, 
had  been  very  seriously  damaged.  One  station,  which  seemed  to 
have  been  built  a  little  more  carefully  and  with  larger  stones  than  the 
rest,  was  in  very  much  belter  condition  than  most  of  them.  The  city 
hall  at  Redwood  had  a  central  circular  tower,  with  a  dome  supported 
on  steel  work,  nnich  as  in  th(»  city  hall  at  San  Francisco  (PL 
XXXI),  th()u<rh  on  a  smaller  scale,  and  suffered  almost  exactlv  the 
same  kind  and  degree  of  damage. 

FORTIFICATIONS. 

I  visited  the  old  brick  fort  at  the  Presidio  and  also  most  of  the 
batteries  ah)ug  the  face  of  the  clilf.  There  were  a  few  cracks  in  the 
old  brick  fort,  but  nothing  to  indicate  that  they  might  not  have 
Ikh^u  due  to  settling  as  well  as  to  earth([uake.  An  inspection  of  the 
new  emplacements  from  the  exterior  showed  no  visible  signs  of 
damage  whatever.  As  reports  on  these  matters  are  made  by  officei*s 
especially  in  charge  of  the  work,  1  did  not  attempt  to  make  a  detailed 
inspection  of  the  fortifications. 

KKSKKVOIKS,  I»11»K  IJNKS,  AND  OTIIKK  STRrCTlHKS  AI^)NG  THE  FAI'LT  LINE. 

The  following  details  were  derived  from  a  ])erusal  of  the  report  by 
Professors  Marx  and  Wing,  already  mentioned  (p.  63). 

The  Spring  ^'allev  Water  (\)m])any  had  among  its  reservoii's  two 
known  as  Crystal  Springs  Lake  and  San  Andreas  Lake.  The  line 
of  the  fault  that  caused  the  earthquake  is  said  to  run  directly  through 
both  of  these  reservoirs.  Ciy>tal  Si)rings  Lake  has  a  large  and  high 
concrete  dam;    it  is  also  subdivided  by  an  old  earth  dam  that  was 
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formerly  the  main  dam,  when  the  reservoir  was  smaller  than  it  is 
now.  The  concrete  dam,  w^iich  was  parallel  to  the  fault  and  of 
course  very  near  to  it,  was  absolutely  uninjured  (PL  XI,  B) ;  the 
earth  dam,  which  lay  across  the  fault  approximately  at  right  angles, 
showed  definite  signs  of  disturbance  and  lateral  displacement.  Longi- 
tudinal and  transverse  cracks  appeared  on  top  of  the  earth  dam,  and 
some  of  the  former  were  reported  to  have  extended  to  a  depth  of  at 
least  3  or  4  feet.  The  trans vei-se  cracks  were  said  to  be  less  well 
defined  and  to  indicate  rather  a  general  disturbance  on  each  side  of 
the  fault  line,  about  one-fourth  of  a  mile  away,  and  was  absolutely 
to  which  it  was  damaged  could  not  be  ascertained. 

San  Andreas  Lake  is  retained  by  a  high  earth  dam.  The  fault  ran 
under  the  east  end  of  this  dam  and  2)i'oduced  considerable  disturb- 
ance .over  a  strip  about  150  feet  wide,  though  the  dam  was  not  seri- 
ously injured.  A  concrete  culvert  inlet  was  connected  with  this  dam, 
and  one  of  the  worst  transverse  cracks  noted  ran  diagonally  over  the 
culvert,  but  the  culvert  itself  was  miinjured.  Besides  the  high  con- 
crete dam  of  Crystal  Springs  Lake,  the  water  company  had  another 
smaller  concrete  dam  at  Searsville.  This  dam  also  was  parallel  to 
the  fault  line,  about  one-fourth  of  a  mile  away,  and  was  absolutely 
uninjured. 

The  Spring  Valley  Water  Compaii}^  had  three  main  conduits  run- 
ning into  San  Francisco.  One  of  these,  known  as  the  Pilarcitos 
conduit,  consisted  largely  of  22-inch  and  JiO-inch  riveted  pipe  and 
24-inch  cast-iron  pipe;  some  feeders  were  built  of  wooden  flume. 
The  conduit  crossed  and  recrossed  the  line  of  the  fault,  and  was  so 
badly  wrecked  that  the  company  has  decided  to  abandon  it — no 
doubt  a  wise  decision,  because  the  location  along  the  line  of  the  fault 
was  a  very  bad  one.  A\lierever  the  conduit  crossed  the  fault  line  it 
was  destroyed.  Li  some  2>laces  there  was  a  longitudinal  displacement 
of  as  much  as  84  inches,  which  either  telescoped  the  pipe  or  pulled 
it  apart,  as  the  case  might  be.  (Views  of  these  effects  are  given  in 
PI.  IX.)  It  made  no  difference  whether  the  conduit  was  in  linn 
ground,  or  in  soft  ground,  or  carried  on  a  trestle  over  marshy  ground ; 
the  result  was  the  same  wherever  it  crossed  the  fault.  In  many 
places  where  the  conduit  was  carried  on  trestle  work  the  timber 
showed  considerable  decay.  AVhether  sound  timber  structures  would 
have  withstood  the  shock  seems  open  to  question.  (See  also  PI. 
X,.l.) 

Within  the  city  proper  the  reservoir  known  as  Lake  ITonda  was 
damaged  by  the  cracking  of  its  concrete  lining.  It  is  reported  that 
this  cracking  was  due  to  the  disphuH^nent  of  a  retaining  wall  by  a 
sliding  bank  set  in  motion  by  the  earth([uake. 

The  distributing  mains  of  the  Spring  Valley  AVater  Company, 
wherever  they  passed  through  soft  or  made  ground,  su tiered  in  the 
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same  way  as  the  conduits  and  pipes  which  crossed  the  fault  line. 
(See  the  maps.  Pis.  LVI  and  LVII.)  Some  subaqueous  pipe  lines 
crossing  the  bay  seem  not  to  have  been  injured. 

Two  interesting  earth  dams  are  those  at  the  San  Jose  Water  Com- 
pany's Saratoga  reservoir,  which  lies  in  a  saddle  in  the  mountains 
and  is  retained  by  an  earth  dam  at  either  end.  The  fault  runs 
directly  through  the  reservoir,  crossing  both  dams  approximately 
at  right  angles.  It  was  reported  that  near  the  east  end  of  the  north 
dam  transverse  cracks  were  formed,  which  extended  through  the 
body  of  the  dam.  There  was  also  a  longitudinal  crack  on  top  and 
some  settling  of  the  upstream  half  of  the  dam.  The  reservoir  seems 
to  have  been  full  at  the  time  of  the  earthquake,  but  no  evidence  was 
found  that  any  water  had  escaped  through  this  dam.  At  the  south 
end  of  the  reservoir  the  fault  line  intei-sected  not  only  the  dam  but 
the  10-inch  outlet  i)ipe,  which  was  broken  by  the  earthquake.  Con- 
siderable damage  seems  to  have  been  done  to  the  dam  by  the  water 
escaping  through  this  broken  outlet  pipe.  AVhether  the  dam  itself 
would  have  been  seriously  injured  by  the  earthquake  but  for  this 
pipe  can  not  probably.be  determined. 

Professors  Marx  and  Wing  also  noted  in  the  vicinity  of  the  fault 
a  number  of  monolithic  concrete  bridges,  all  of  which  were  unin- 
jured; none  of  them,  however,  absolutely  crossed  the  fault  line. 
(Cf.  1*1.  XI,  .1.)  These  observers  also  report  that  a  small  concrete 
reservoir,  built  partly  in  embankment  and  ])artly  in  excavation,  was 
wrecked  by  the  earthcjuake,  and  seem  to  think  that  such  structures 
would  iK^tter  be  built  in  excavation.  They  found  that  some  high 
timber  frames  carrying  water  tanks,  as  well  as  similar  structures  sup- 
porting steel  standpipes,  were  intact.  A  steel  water  tower  at  Santa 
Clara  was  wrecked.  The  engineer  who  designed  this  tower  gives  an 
explanation  of  its  faihiix*,  however,  in  the  Engineering  News  for 
May  10,  IDOC).  Very  pr()l)al)ly  his  exi)lanation  is  correct,  and  if  so, 
there  is  no  reason  why  steel  towers  should  not  be  used.  Doctor 
Jordan  told  me  of  one  tower  that  he  saw  which  had  collapsed  as  a 
result  of  the  earth([uake,  and  in  which  the  nuts  on  the  upper  ends  of 
the  anchor  rods  stripi)e(l  the  threads  so  as  to  allow^  the  tower  as  a 
whole  to  be  thrown  over. 

(iKNKUAJ^   COXC  LITSIONS. 

THE  REBUILDING  OF  SAN  FRANCISCO. 

Unless  future  earthquakes  are  very  much  more  severe  than  anv  that 
have  occurred,  there  is  no  reason  wliy  the  rebuilding  of  San  Francisco 
should  not  be  a  successful  commercial  enterprise.  It  seems  highty 
improbable  that  there  will  ever  be  earth(|uakes  more  severe  than 
that  of  April  IS,  VXH),    Theie  is  no  doubt  that  the  city  can  be  rebuilt 
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SO  that,  although  it  will  suffer  damage  from  future  earthquakes, 
this  damage  will  not  be  at  all  fatal,  and  the  city  will  not  bum  up  as 
a  result  of  it. 

DISTRIBUTION  SYSTEMS  FOR  WATERWORKS. 

In  a  city  subjected  to  earthquakes  it  seems  practically  impossible 
to  suggest  any  method  of  construction  which  will  make  the  mains 
and  distributing  pipes  at  all  times  perfectly  secure.  In  my  judgment 
the  only  remedy  is  to  have  within  the  city  itself  a  large  storage 
capacity,  distributed  among  various  reservoirs,  and  to  have  a  more 
than  ordinarily  complete  gridinm  of  nuiins  with  gate  valves  to  cut 
out  any  main  at  every  intersection.  Further,  the  mains  should  be 
larger  than  would  ordinarilj'^  be  required,  so  that  if  a  portion  of  the 
gridiron  were  shattered  it  could  Ix^  cut  out,  but  the  water  could  be 
brought  in  undiminished  quantities  to  the  perimeter  of  the  shat- 
tered area  from  all  undamaged  parts  of  the  gridiron;  that  is,  the 
mains  should  be  so  large  that,  although  the  water  would  have  farther 
to  travel  in  this  case,  there  would  be  an  achMjuate  su2:)ply  for  fighting 
fire,  if  necessary,  in  the  area  where  the  mains  were  shattered. 

It  would  seem  that  in  a  city  like  San  Francisco  a  sj)ecial  system 
of  high-pressure  salt-water  mains,  supplied  from  a  pumping  station, 
would  be  the  best  solution  of  the  fire-fighting  problem  so  far  as  the 
congested  district  is  concerned.  This  plan  has  been  reconnnended  by 
the  National  Board  of  Fire  Underwriters,  and  it  is  i)r()bably  the 
wisest  one  under  the  circumstances.  The  pumping  station  should, 
of  course,  be  protected  from  eartlKjuakc*  damage  in  every  possible 
way.  Perhaps  it  should  be  a  floating  station.  The  salt-water  mains 
should  be  so  laid  out  and  so  interconnected  that  nothing  short  of  gen- 
eral destruction  of  the  entire  system  could  wholly  shut  off  the  water 
from  any  considerable  area. 

In  a  city  like  San  Francisco,  where  there  is  i)ractically  no  damage 
from  freezing,  it  would  seem  worth  while  to  run  the  mains  exposed 
everywhere,  so  that  breaks  could  be  located  almost  immediately.  As 
these  breaks  would  ordinarily  occur  only  in  scattered  localities,  and 
would  not  be  very  great  in  extent  themselves,  it  ought  to  be  possible 
to  repair  them  in  time  to  prevent  any  g(»neral  destruction  of  the  city 
by  fire.  Running  the  mains  exposed  would,  of  course,  introduce  difH- 
cult  problems  at  street  crossings,  but  there  is  little  doubt  that  such 
problems  could  be  solved  successfully  if  they  were  seriously  studied. 
All  this  means  greatly  increased  expense  in  the  distribution  sys- 
tem, but  in  a  situation  such  as  that  of  San  Francisco  it  seems  to  be 
required. 

The  earthquake  effects  at  San  Francisco  also  indicate  clearly  that 
fi  special  study  should  be  made  of  the  prol)lein  of  promptness  in 
emergency  repairs  to  the  conduits  and  mains.     It  seems  certain  that, 
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in  the  immediate  vicinity  of  existing  faults  and  near  areas  including 
any  considerable  amount  of  made  ground,  both  conduits  and  mains 
may  be  expected  to  suffer  serious  damage.  At  one  point  on  Van 
Ness  avenue  (see  B,  PI.  LVI),  where  I  happened  to  see  the  mains 
uncovered,  a  heavy  water  pipe,  apparently  about  20  inches  in  diame- 
ter, had  been  broken  into  pieces  not  more  than  2  feet  long.  The  total 
length  of  the  breal^,  however,  was  not  more  than  40  or  50  feet,  so  far 
as  I  could  judge  from  what  I  saw^  uncovered.  It  would  seem  that  this 
main  might  have  Ixjen  spliced  in  a  few^  hours  had  there  been  some 
means  of  rapidly  plugging  the  broken  ends  on  either  side  of  the 
break  and  making  a  number  of  taps  in  the  undamaged  parts  with 
parallel  lengths  of  fire  hose  of  large  size.  With  gate  valves  at  short 
intervals  it  ought  to  be  possible  to  ('ut  out  any  damaged  portion  of 
the  system  by  connecting  through  with  fire  hose  in  such  a  w^ay  as  to 
maintain  at  least  a  partial  supply  of  water  for  fire-fighting  purposes. 
Some  similar  plan  on  a  larger  scale  might  be  devised  for  repairing 
conduits. 

It  would  also  seem  desirable,  wherever  an  important  conduit  or 
main  crosses  filled  ground  or  material  soft  enough  to  suffer  con- 
solidation as  a  result  of  thorough  shaking,  to  carry  the  main  on  piles 
or  other  foundations  reaching  to  firm  material  below.  Wherever 
there  was  filled  ground  the  vibration  due  to  the  earthquake  seemed 
to  have  much  the  same  effect  as  would  1k^  produced  in  a  vessel  that 
had  l)een  loosely  filled  with  sand  and  then  subjected  to  vibration ;  as 
is  well  known,  the  sand,  under  such  circumstances,  will  suffer  con- 
solidation to  a  very  appreciable  extent,  which  naturally  low'ers  its 
surface  by  an  amount  corresponding  in  a  g(»neral  way  to  the  intensity 
of  the  vibration.  Where  a  large  area  and  volume  of  made  ground  is 
subjected  to  similar  vibration,  subsidence  occurs,  and  not  only  are 
buildings  on  the  surface  thrown  down  and  destroyed,  but  water 
mains,  sewers,  etc.,  running  through  the  filled  material  are  subjected 
to  a  deflection  which  necessarilv  shatters  them. 

SEWERS. 

The  effect  of  the  earthquake  on  sewers  seemed  to  be  practically 
the  same  as  on  conduits  and  water  mains,  except  as  varied  by  differ- 
ence of  material,  where  such  difference  existed.  The  necessitv  for 
firm  foundations  for  sewers  running  tlirough  made  ground  is  clearly 
indicated.  The  need  of  rapid  repairs  to  the  sewers  is  not  quite  so 
great  as  in  the  case  of  the  fire  maijis,  because  a  city  can  g:oi  along 
with  inadequate  sewerage  facilities,  if  necessary.  It  would  seem 
desirable,  however,  that  all  important  sewers  passing  through  made 
ground  should  l)e  const ru(;te(l  of  tlie  heaviest  iron  or  steel  pi})es,  and 
Ix'  provided  with  an  adecjuate  foundation.     Of  course,  sewers  are  not 
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under  pressure,  and  therefore  can  not  be  repaired  with  fire  hose,  as 
suggested  for  water  mains.  There  seemed  to  be  some  fear  in  San 
Francisco  that  the  breaking  of  the  sewers  and  the  water  mains  would 
cause  the  water  to  be  contaminated  by  the  sewage;  but  evidently  if 
means  were  devised  to  maintain  a  good  pressure  in  the  water  pipes 
this  pressure  in  itself  would  protect  a  leaky  main  from  such  con- 
tamination. 

FIRE-RESISTING    FEATURES    OF    BUILDINGS    IN    "CONGESTED 

DISTRICTS." 

FIREPROOFING. 

The  Baltimore  and  San  Francisco  fires,  as  well  as  many  other 
fires  and  fire  tests,  have  proved  conclusively  that  commercial  meth- 
ods of  fireproofing  are  inadequate  to  stand  any  severe  test.  In  most 
buildings  the  steel  work  is  fairly  well  protected,  but  the  number  of 
failures  is  suflBiciently  great  to  show  that  the  factor  of  safety  against 
fire  is  not  by  any  means  what  it  should  be. 

For  the  protective  covering  itself  to  suffer  complete  destruction, 
or  almost  complete  destruction,  in  any  one  fire  is  in  itself  a  failure, 
because  under  such  circumstances  the  steel  work  is  verv  near  destruc- 
tion  and  the  margin  of  safety  is  altogether  too  small.  It  is  more 
than  probable — almost  certain,  in  fact — that  a  detailed  investigation 
of  all  the  buildings  in  San  Francisco  would  reveal  many  "  protected  " 
columns,  not  indicated  in  this  report,  that  buckled  as  a  result  of  the 
failure  of  the  covering.  In  my  judgment,  columns  should  either  be 
covered  with  4  inches  of  brickwork,  laid  in  Portland-cement  mortar, 
and  have  all  of  the  interior  space  filled  with  concrete,  or  else  they 
should  be  inclosed  in  an  expanded-metal  jacket  and  the  entire  inte- 
rior filled  with  concrete,  so  that  the  mininuun  thickness  of  the  con- 
crete w^ould  not  be  less  than  4  inches.  Exposed  flanges  of  girders  and 
beams  should  be  protected  by  the  equivalent  of  1^  to  2}  inches  of 
solid  porous  terra  cotta,  according  to  circumstances.  If  concrete  is 
to  be  used,  this  thickness  should  be  increased  bv  about  half  an  inch. 
The  protection  for  lower  flanges  should  always  be  inclosed  in  a  basket 
of  expanded  metal  or  heavy  wire  lath,  securely  anchored  into  the 
side  protection  of  the  webs.  The  San  Francisco  experience  showed 
that,  even  in  a  hot  fire,  such  metal-niesh  basket  work  will  largely 
retain  its  tensile  strength,  and  thus  hold  in  position  the  fireproof  cov- 
ering inside  even  though  the  latter  should  be  shattered  by  expansion 
stresses  or  otherwise.  The  webs  of  the  girders  should  be  covered  by 
4  inches  of  brickwork  or  concrete,  built  u])  on  the  lower  flanges. 
Girders  should  be  completely  covered  from  bottom  to  top  before  the 
floor  systems  are  put  in,  so  that  the  collapse  of  the.  latter  will  not 
expose  the  girder.    Floor  beams  should  have  heavy,  solid  protecting 
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skew  backs,  not  less  than  1^  inches  thick,  or  be  covered  with  at  least 
2  inches  of  concrete.  In  an  important  work  the  protection  of  the 
lower  flanges  of  the  floor  beams  should  also  be  incased  in  expanded 
metal  or  wire  lath.  The  furred  ceilings  so  much  used  in  San  Fran- 
cisco are  a  valuable  addition  to  the  fire-resisting  qualities  of  floor 
construction,  and  if  the  furring  rods  were  more  firmly  secured  the 
total  loss  here,  as  a  rule,  would  be  measured  by  the  value  of  the 
plaster  alone. 

Hollow-tile  partitions  should  not  be  loss  than  6  inches  thick.  The 
tiles  should  have  webs  at  least  1  inch  thick,  and  all  interior  angles 
should  be  well  filleted.  The  tiles  themselves  should  be  carefully  laid 
in  Portland-cement  mortar,  with  all  joints  absolutely  filled.  Timber 
studs  running  to  the  top  of  the  partition,  to  frame  a  door  or  window 
opening,  should  Ik*  absolutely  prohibited.  The  webs  of  floor  tiles 
should  not  he  less  than  an  inch  thick,  and  their  interior  angles  also 
should  be  well  filleted. 

The  results  at  Baltimore  and  San  Francisco  did  not,  by  any  means, 
indicate  that  either  hollow  tile  or  concrete  is  altogether  a  failure  or 
altogether  a  success.  Both  fires  indicated  very  clearly  that  com- 
mercial methods  of  applying  both  materials  are  inadequate,  but  also 
that  successful  results  can  lx»  attained  with  lx)th  materials. 

A  conflagration  never  yields  reliable  comparative  results,  but 
judging  from  such  comparative  results  as  are  available,  I  think  that 
there  is  no  question  that  the  best  fire-resisting  material  available  at 
the  present  time  is  the  right  kind  of  burned  clay — ^that  is,  a  good, 
touffh,  refractorv  clav,  almost  as  refractorv  as  fire  clav,  made  into 
proper  sha})es  and  i)roperly  buriied.  Some  commercial  hollow-tile 
work  is  made  of  good  material,  but,  as  a  rule,  that  is  the  only  good 
thing  that  can  be  said  about  it.  There  can  be  no  question  that  good 
clinker  concrete,  made  of  well-burned  clinker,  Portland  cement,  and 
sand,  is  a  verv  efficient  fiix* -resisting!:  material.  It  is  better  than  anv- 
thing  exce})t  the  In^tter  ty})es  of  burned-clay  products;  but  the  cinder 
concrete  commercially  ai)plied  is,  on  the  whole,  no  better  than  the 
flimsy  hollow-tile  work  with  which  it  competes:  in  fact,  it  is  not  cer- 
tain that  it  may  not  be  worse.  The  only  way  to  determine  this  point 
would  bo  to  go  through  all  the  floor  constructicm  in  a  place  like  San 
Francisco  and  make  tests  of  the  load-carrying  capacitj',  etc.,  after  a 
fire.     It  is  verv  doubtful,  of  course,  whether  such  tests  will  be  made. 

If  a  hollow-tilo  fl(K)r,  for  instance,  loses  its  lower  webs,  the  damage 
is  very  aiq)aront,  yet  most  of  such  floors  remain  true  and  capable  of 
carrvinff  considerable  loads.  A  cindor-concrete  floor  which  is  even 
more  soriouslv  damairod  is  verv  likolv  to  ivmain  true,  for  the  reason 
that  the  fire  which  damaged  it  also  removed  its  sui)erimposed  load 
iH^fore  the  damage  was  fully  accomplished.  A  hollow  tile  which 
comes  through  a  fire  without  losing  any  of  its  webs  is  as  good  as  it 
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was  before;  whereas  concrete  of  any  kind  which  has  come  throngh  a 
fire  in  which  the  temperature  has  exceeded  700°  or  800°  F.  is  inevi- 
tably damaged  in  all  cases,  owing  to  the  dehydration  of  the  cement, 
although  it  may  appear  uninjured  to  the  casual  observer.  This  prop- 
erty of  concrete,  of  maintaining  a  good  face  in  spite  of  real  and  seri- 
ous damage,  is  likely  to  lead  the  layman  into  dangerous  conclusions, 
and  consequently  into  equally  dangerous  practice.  It  would  seem 
that  wherever  .reenforced-concrete  floor  construction  is  used  a  furred 
ceiling  below  it  should  be  absolutely  required. 

The  furred  ceilings  ordinarily  used  arc  too  light ;  the  furring  rods 
are  not  quite  heavy  enough  and  they  are  not  adequately  secured 
to  the  floor  construction  above.  If  they  were  made  a  little  heavier, 
and  were  more  firmly  secured,  it  is  probable  that,  as  a  rule,  no  loss 
would  occur  except  that  of  the  plaster.  Even  if  the  furred  ceiling 
comes  down  bodily,  this  failure  is  not  apt  to  occur  until  so  late  a 
stage  in  the  fire  that  the  floor  construction  above  will  be  practically 
undamaged,  because  there  will  not  be  enough  left  of  the  fire  to  raise 
the  temperature  of  the  concrete  to  the  point  Avhere  dehydration  of 
the  cement  will  begin.  The  presence  of  a  furred  ceiling,  however,  no 
matter  how  good,  should  never  be  accepted  as  an  excuse  for  omitting 
the  protection  of  the  lower  flanges  of  the  floor  beams  and  girders.  A 
hollow-tile  floor  that  would  be  fully  equivalent  to  a  reenforced-con- 
crete floor,  with  a  furred  ceiling,  could  be  made  by  using  tiles  in 
which  the  minimum  thickness  of  the  Avebs  is  1  inch,  and  of  which  the 
material  itself  is  tough,  refractory  clay,  made  porous  by  the  addi- 
tion of  sawdust;  such  tiles  should,  however,  be  burned  to  a  point 
where  the  clay  itself  is  just  short  of  vitrification.  All  the  interior 
angles,  where  the  webs  of  the  tiles  join  each  other,  should  be  rounded 
to  a  radius  of  at  least  1  inch  or  1^  inches.  If  necessary  to  secure 
proper  burning,  a  small  hole  three-eighths  to  five-eighths  of  an  inch 
in  diameter  might  be  alloAved  through  the  mass  of  clay  at  the  inter- 
section of  the  webs. 

Tests  recently  made  of  a  pattern  of  tile  used  at  the  War  College 
indicate  that  floor  tiles  subjected  to  ii  fire  test  Avill  stand  better  if 
there  is  but  one  interior  hole  through  the  tiles,  all  the  material  which 
would  otherwise  be  used  in  the  interior  webs  l>eing  concentrated  in 
the  outer  webs,  and  the  opening  in  the  tile  iKung  of  circular  or  ellip- 
tical shape,  depending  on  the  height  and  width  of  the  tile.  For 
floor  arches  between  steel  beams  such  a  tile  as  this  one  would  have 
to  be  used  on  the  end-construction  plan.  A  specially  heavy  skew 
back  should  be  designed  to  go  with  it,  or  else  the  end  tiles  should  be 
cut  to  fit  the  profiles  of  the  Ix^am.  The  tiles  themselves  being  so 
heavy,  the  latter  method  of  obtaining  a  skew  back  would  probably 
make  the  arch  more  than  strong  enough  to  carry  its  load,  and  where 
carefully  done  might  afford  adequate  fire  protection  to  the  beams. 
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although  for  that  purpose  a  specially  designed  extra  heavy  side- 
construction  skew  back  would  be  better,  and  should  on  the  whole  be 
recommended  even  in  connection  with  the  heavy  end-construction 
arches  described.  It  is  probable  that  either  a  good  concrete  floor 
with  the  right  kind  of  ceiling  below  it,  or  a  heavy  tile  floor  such  as 
that  herein  described,  Avould  come  through  almost  any  fire  with  no 
damage  except  the  loss  of  the  ceiling  plaster.  These  two  types  may 
therefore  be  taken  as  equivalent  in  efficiency;  they  will  probably  be 
about  equal,  also,  in  first  cost. 

It  should  be  added  that  attic  floors  and  roofs  should  be  as  carefully 
designed  to  resist  fire  as  any  other  part  of  a  building.  This  is  a 
thing  that  has  rarely  been  done,  and  the  experience  of  both  Baltimore 
and  San  Francisco  show^s  that  it  is  absolutely  necessary. 

PRC)TE(^TION    OF   OPEN  IN  OS. 

While  there  is  no  doubt  that  commercial  standards  of  fireproofing 
are  dangerously  inadequate,  the  gieatest  trouble  of  all  is  the  fact 
that  so  little  attention  is  paid  to  protecting  the  exterior  openings  in 
a  building.  Even  a  very  inefficient  type  of  fire  shutter  would  prob- 
ably have  saved  some  of  the  buildings  in  San  Francisco,  which  were, 
as  a  matter  of  fact,  burned  out.  A  light  metal  shutter  combined 
with  a  window  sprinkler  Avould  probably  resist  a  rather  fierce  fire  for 
a  long  time.  Although  the  failure  of  the  w^ater  supply  in  San  Fran- 
cisco might  be  urged  as  one  reason  why  a  window^  sprinkler  would 
have  been  of  no  avail,  it  is  a  fact  that  water  can  be  obtained  bv  driv- 
ing  wells  into  the  sand  Avhich  underlies  the  business  portion  of  San 
Francisco  almost  everywhere.  Under  these  circumstances,  if  the  fire- 
proof buildings  had  been  fitted  with  metal  shutters,  even  no  better 
than  those  in  the  windows  of  the  hall  of  records,  and  if  each  window 
had  been  provided  with  a  sprinkler  and  the  building  itself  with  its 
own  well  and  fire  pump,  it  is  probable  that  the  fire  could  have  been 
kej)t  out  of  a  large  number  of  the  buildings.  The  protection  of 
external  openings  is  by  all  odds  the  most  important  constructive 
problem  involved  in  the  efforts  to  make  cities  proof  against  con- 
flagration, and  it  seems  pr()l)able  that  at  the  present  time  adequate 
protection  of  windows  and  doors  is  available  at  a  reasonable  cost. 
In  my  judgment,  win(h)ws  protected  in  the  following  way,  even 
without  sj^rinklers,  might  keep  out  the  fire,  though  the  buildings 
were  shut  uj)  and  al)an(lone<l. 

1.  The  outer  opening  should  be  protected  with  some  form  of 
rolling  steel  shutter  or,  ])referably,  with  a  shutter  composed  of  sheets 
of  steel  sliding  in  very  deep  rebates  in  the  walls.  The  sheets  of  steel 
should  be  anchored  in  these  rebates  by  means  of  angle  irons  or  rivets 
driven  so  as  to  interlock  with  a  bead  to  be  placed  in  position  after 
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the  sheet  of  steel  is  itself  in  position.  By  providing  a  pocket  in  the 
masonry  just  above  the  window  head  and  making  these  shutters  in 
three  or  four  parts,  overlapping  and  interlocking  at  the  overlap,  the 
whole  shutter  could  be  slid  up  into  the  wall  practically  out  of  sight. 
This  arrangement  would  necessitate  window  openings  slightly  lower 
than  those  used  in  many  commercial  buildings,  but  the  loss  of  light 
would  not  be  very  serious.  The  metal  shutters  when  closed  should 
overlap  the  window^  opening  in  all  directions  by  at  least  6  inches. 
This  overlapping  could  be  accomplished  at  the  sill  without  making  a 
pocket  to  catch  water  and  dust,  by  forming  a  step  in  the  sill  itself. 

2.  The  windows  should  be  made  entirely  of  wire  glass,  Avith  sheet 
metal  or  metal-covered  sash,  hung  in  metal  or  metal-covered  frames. 
Clear  wire  glass  can  be  used  if  desired. 

3.  On  the  inside  of  the  window  there  should  be  a  sliding  shutter, 
either  of  wood  covered  wnth  sheet  metal  or  of  sheet  metal  such  as 
that  described  for  the  outside.  If  the  outer  wall  is  furred,  a  pocket 
could  be  made  between  the  furring  and  the  wall,  so  that  the  inside 
shutters  could  be  slid  sidewise. 

It  is  probable  that  under  a  fairly  bad  exposure  to  fire  the  outer 
shutters  here  described  w^ould  be  so  damaged  that  they  w^ould  have 
to  be  removed.  In  a  conflagration  they  would  probably  be  warped 
to  such  an  extent  as  to  let  the  heat  in,  and  possibl}'  to  soften  the  wire 
glass  and  damage  the  windows  themselves,  so  that  they  also  might 
have  to  be  renew^ed — at  least  so  far  as  the  sash  were  concerned.  But 
it  is  very  doubtful  if  any  conflagration  would  ever  get  through  the 
sash,  much  less  through  the  inside  shutters.  Any  damage  to  the 
window  protection,  however,  would  be  a  very  small  matter  compared 
with  the  total  destruction  of  the  contents  of  the  building  and  a 
damage  of  65  to  80  per  cent  to  the  building  itself. 

Window  protection  of  the  kind  just  described  could  be  so  designed 
that  it  would  not  be  objectionable  even  on  the  principal  fronts  of 
buildings.  The  San  Francisco  and  Baltimore  fires  have  demon- 
strated that  all  the  exterior  openings  of  even  fireproof  buildings  need 
protection.  It  would  seem  that  the  time  has  arrived  when  building 
ordinances  should  require  it. 

If  to  the  triple  window  protection  described  above  a  window 
sprinkler  with  adequate  w^ater  supply  is  added,  a  defense  which 
will  probably  not  only  be  adecjuate  for  its  purpose,  but  which  will 
suffer  small  damage  itself,  will  be  ])rovided.  This  system  of  protec- 
tion, while  it  has  never  been  applied,  can  be  a})plied  at  a  cost  w-hich 
is  not  prohibitive,  especially  if  unnecessary  and  expensive  finish  is 
omitted. 

.  Practically  all  the  fireproof  buildings  in  San  Francisco  were  lui- 
shuttered.  Many  nonfireproof  buildings  were  partially  shuttered, 
but  no  building,  except  that  of  the  Pacific  States  Telephone  and  Tele- 
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^aph  Company  on  Bush  street,  was  completely  shuttered.  Although 
every  opening  in  this  building  was  protected,  it  is  not  certain  that 
the  fire  did  not  find  its  way  into  the  building  through  some  of  them 
in  spite  of  the  protection.  The  protection  of  individual  openings 
apparently  was  not  quite  heavy  enough.^ 

The  view  of  the  main  front  of  tllis  building  (PI.  XLI,  A)  shows 
plainly  that  it  was  not  severely  attacked  by  the  flames,  yet  it  prob- 
ably would  have  resisted  such  an  attack  a  good  deal  better  than  the 
facades  of  many  other  buildings.  The  exterior  architraves  of  most 
of  the  windows  are  of  solid  molded  brickwork,  and  the  amount  of 
hollow^  terra  cotta  in  the  exterior  front  is  reduced  to  a  minunum,  so 
that  this  building  would  probably  not  have  suffered  quite  as  much 
as  the  average,  even  if  the  fire  test  from  the  outside  had  been  fully 
as  severe. 

FIREPROf^F   VAITLTS. 

It  would  seem  that  the  question  of  so-called  fireproof  vaults  in 
commercial  office  buildings  should  also  receive  some  attention.  The 
failure  of  such  vaults  in  San  Francisco  is  absolutely  inexcusable. 
The  fact  that  thev  were  so  flimsv  Avas  not  due  to  anv  lack  of  available 
knowledge  as  to  how  a  fireproof  vault  should  be  built;  the  only 
motive  that  can  l>e  imagined  for  the  erection  of  such  vaults  is  parsi- 
monious and  criminal  economy.     (See  PI.  LII.) 

CONSTRUCTIONS     AND     MATERIALS     RECOMMENDED     FOR     EARTH- 

QUAKE  LOCALITIES. 

For  every  tall  building  the  best  type  of  construction  is  undoubt- 
edly a  steel  frame,  but  it  should  be  thoroughly  braced  in  much  the 
same  way  as  in  the  Call  Building,  where  the  steel  bracing  undoubt- 

"  Since  the  above  was  written  tlic  following  information  has  been  received  frona  Cali- 
fornia, tlironjtii  tlio  courtesy  and  cooperation  of  Capt.  M.  L.  Walker  and  Capt.  William 
Kelly,  both  of  the  Corps  of  Knjrineers  : 

The  rolllnj:  slmtters  on  tlie  Itusli  street  building  of  the  raclfic  States  Telephone  and 
Telegraph  Company  were  ma<le  of  interlocking;  slats  crimped  out  of  heavy  sheet  Iron, 
the  shutter  as  a  whole  sliding  at  the  sides  of  the  oi)enlnff  in  heavy  iron  guides.  Cap- 
tain Kelly  thinks  they  were  made  of  No.  122  iron.  1  do  not  believe,  personally,  that  these 
shutters  withstood  the  direct  impact  of  fierce  llame  for  a  great  length  of  time;  they  would 
have  warned  and  pulled  apart  so  as  to  let  the  llame  in.  The  view  of  the  Bush  street 
front  of  this  building  (shown  in  1*1.  XIA.  A)  would  Indicate  that  there  was  no  direct 
attack  liy  the  llame  from  the  outside,  and  there  is  every  reason  to  believe  that  the  plate 
glass  on  the  inside  stood  long  enough  to  prevent  the  shutters  from  receiving  any  serious 
attack  from  tlie  llames  of  the  interior  fin*.  It  is  probable,  however,  that  these  shutters 
{.re  fully  as  etlicicut  as  the  n)lling  shutters  made  by  other  manufacturers  out  of  continu- 
ous sheets  of  corrugated  iron  riveted  together  along  the  edges.  The  continuous  sheets 
have  to  be  of  rather  light  metal,  in  order  to  make  them  practicable;  and  when  subjected 
to  any  great  amuunt  o(  lieat  tlu'y  invariably  pull  apart  along  the  lines  of  rivet  holes — a 
weakness  which  was  clisirly  illustrated  in  the  Baltimore  fire.  There  would  seem  to  be  no 
doubt.  l)ow<*v(>r.  that  rolling  shutters  of  either  type  used  on  the  outer  windows  of  a 
building  would  t'(Tectual!y  iirevent  ignition  from  radiant  heat  due  to  a  fire  in  a  neighbor- 
ing building.  They  would  also,  <if  course*,  resist  for  u  time  the  actual  impact  of  flame, 
but  1  am  personally  of  the  opinion  that  they  could  not  resist  this  form  of  attack  for  very 
long. 
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edly  saved  the  masonry.  In  such  buildings  as  the  new  Chronicle 
and  the  Monadnock  the  effect  of  the  vibration  was  really  resisted  by 
the  masonry,  which  was  much  shattered.  Some  of  it  w^as  precipitated 
into  the  street  from  the  new  Chronicle  Building,  the  Rialto  Building, 
and  others.  It  is  not  at  all  certain  that  the  steel  frames  of  these 
buildings  have  not  also  been  seriously  damaged  by  the  earthquake. 
Naked  steel  frames  of  the  same  type  came  through  without  serious 
damage,  but  they  did  not  suffer  the  additional  stresses  due  to  the 
vibration  of  a  great  load  of  masonry,  floor  construction,  and  con- 
tents in  the  upper  stories,  as  did  the  finished  buildings.  It  is  not 
ri^it  to  run  the  risk  of  precipitating  the  masonry  into  the  street  on 
the  heads  of  passers-by,  as  would  have  happened  at  the  unbraced 
steel-frame  buildings  had  the  earthquake  occurred  at  a  later  hour  in 
the  day.  Besides,  if  the  strength  of  the  building  is  dependent  on  the 
masonry,  which  is  seriously  shattered  by  the  stresses  that  it  is 
expected  to  resist,  the  factor  of  safety  against  g(»neral  collapse  is 
manifestly  too  small.  The  steel-frame  construction  should  therefore 
be  thoroughly  braced.  In  my  judgment,  to  obtain  the  best  results  it 
should  also  be  inclosed  with  walls  of  reenforced  concrete,  in  which 
case  it  would  be  almost  impossible  to  throw  the  walls  off.  The  proper 
artistic  treatment  of  this  material  in  a  place  like  San  Francisco  would 
seem  to  be  a  very  important  problem  for  the  architects.  The  great 
utility  of  reenforced  concrete  in  earthquake  shocks  can  not  be  denied. 
Where  steel-frame  buildings  are  to  be  finished  wnth  ordinary  masonry 
walls,  however,  complete  bonding  of  all  face  bricks  with  full  header 
courses  should  be  absolutely  required.  No  other  form  of  Ixrnd  is 
adequate.  Nothing  but  Portland-cement  mortar  should  be  allowed  in 
any  part  of  the  structure.  The  masonr}^  should  be  tied  to  the  steel 
frame  in  the.  very  best  possible  way,  and  much  more  securely  than  is 
ordinarily  the  case. 

For  buildings  of  moderate  height,  say  up  to  125  feet  as  an  extreme 
limit,  reenforced  concrete  alone  can  undoubtedly  be  so  designed  as  to 
give  very  good  results  when  subjected  to  either  earthquake  or  fire. 
But  the  bracing  of  a  reenforced -concrete  building  of  any  height  to 
resist  earthquake  is  a  matter  for  serious  study:  The  problem  can  Ihj 
solved,  but  it  has  not  been  solved  yet. 

Any  building  of  considerable  height,  in  an  earthquake  country, 
should  have  as  little  mass  in  the  superstructure  as  i)ossible,  consistent 
with  other  necessary  qualities.  But  this  limiting  of  mass  does  not 
mean  that  the  flimsy  floors  and  partitions  heretofore  in  use  should  be 
continued.  In  fact,  to  make  the  buildings  proof  against  both  earth- 
quake and  fire  it  is  probable  that  they  Avill  have  to  be  at  least  as 
heavy  as  they  have  been,  but  changes  in  distribution  of  the  mass 
could  advantageously  be  made. 
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For  the  ordinary  commercial  building,  where  brick  walls  and 
wooden  joists  would  ordinarily  be  used,  I  am  of  the  opinion  that 
the  use  of  reenforced  concrete  would  be  the  safest  and  most  practica- 
ble solution  in  a  place  like  San  Francisco.  Where  reenforced  con- 
crete is  used  throughout,  w-hether  the  building  is  very  tall  or  not, 
great  care  should  be  taken  with  the  design  and  execution  ot  the  con- 
nections between  the  columns  and  the  members  of  the  floor  system. 
There  should  be  heavy  knee  braces  for  the  connection  of  all  girders 
and  beams,  and,  wherever  possible,  portal  bracing  in  the  shape  of 
reenforced-concrete  arches  should  be  introduced.  Of  course  the 
amount  of  this  work  that  needs  to  be  done  depends  on  the  circum- 
stances in  each  individual  case,  such  as  the  height  of  the  building, 
its  horizontal  area,  the  kind  of  material,  the  dead  weight  in  the 
upper  stories,  etc. 

The  opposition  of  the  bricklayers'  union  and  similar  organizations 
has  liitherto  prevented  the  use  of  reenforced  concrete  in  San  Fran- 
cisco for  all  parts  of  buildings.  This  action  of  the  labor  unions  has 
probably  cost  the  city  a  good  deal,  and,  should  it  be  continued,  will 
cost  a  great  deal  more  in  the  future. 

From  the  eifect  on  the  fortifications,  and  on  monolithic  and  massive 
concrete  structures  elsewhere,  as  indicated  by  the  details  taken  from 
the  report  of  Professors  Marx  and  Wing,  it  seems  justifiable  to  con- 
clude that  a  solid  monolithic  concrete  structure  of  any  sort  is  secure 
ngainst  serious  damage  in  any  earthquake  country,  unless  it  should 
happen  to  lie  across  the  line  of  the  slip;  in  that  case  the  damage 
might  be  fatal,  or  it  might  not,  depending  altogether  on  the  amount 
of  the  slip  and  the  intensity  of  the  forces  that  accompanied  it. 

It  would  seem  that  earth  dams  of  amj)le  size  and  with  good  founda- 
tions are  also  secure  against  fatal  damage  unless  they  are  traversed 
by  the  slip.  Even  in  the  latter  case  the  damage  would  appear  to  be 
not  always  fatal;  that  it  would  never  be  fatal,  how^ever,  would  l)e  a 
rash  assertion  to  make.  It  is  unsafe  to  say  that  any  sort  of  structure 
could  be  built  so  that  geologic  faulting  could  occur  immediately 
underneath  it  without  doing  serious  damage.  As  a  matter  of  fact, 
however,  most  structures  in  an  earthquake  country  would  not  lie  on 
the  line  of  a  fault,  and  it  seems  quite  certain  that  in  such  cases 
well-constructed  earth  dams  and  solid  monolithic  masses  of  concrete, 
whether  large  or  small,  would  escape  serious  injury. 

THE  MINIMIZING  OF  FIRE  LOSSES. 

A  study  of  the  results  of  the  Baltimore  and  San  Francisco  fires, 
especially  in  connection  with  the  statements  of  adjusted  losses  at 
Baltimore,  readily  discloses  the  following  facts: 

In  the  first  place,  the  contents  of  the  fireproof  buildings  w-ere  a 
total  loss.     In  many  buildings  the  contents  might  probably  be  worth 
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more  than  the  structure  itself,  especially  if  any  attempt  is  made  to 
fix  the  value  of  records  and  papers  that  can  not  be  duplicated.  In 
the  second  place,  the  buildings  themselves  suffered  a  damage  exceed- 
ing 65  per  cent,  and  in  San  Francisco  probably  amounting  to  almost 
80  per  cent.  A  study  of  the  items  entering  into  this  damage  dis- 
closes the  fact  that  a  very  large  proportion  of  it  is  due  to  the  loss 
of  the  architectural  finish,  such  as  face  brickwork,  ornamental  terra 
cotta,  and  stonework  on  the  exterior;  marble  dadoes,  columns,  and 
other  finish  on  the  interior ;  wooden  door  and  window  frames,  wooden 
doors  and  windows,  ornamental  grillwork,  etc.  If  the  fireproof- 
building  problem  is  to  be  solved  in  such  a  manner  that  conflagrations 
will  not  cause  serious  losses,  it  would  seem  that  radical  revision  of 
the  method  of  finish  is  necessary.  As  the  finish  must  practically  be 
a  total  loss  anyway,  it  should  be  so  devised  that  it  can  be  replaced 
at  small  expense.  This  requirement,  however,  makes  it  impossible 
to  adopt  a  material  for  the  construction  which,  as  the  architects  say, 
finishes  itself — ^because,  if  the  exposed  surface  is  destroyed,  the 
material  becomes  a  total  loss.  It  would  seem  that  for  the  exterior 
of  the  structure,  walls  well  built  of  good,  common  brick,  laid  in 
Portland-cement  mortar,  or  else  of  reen forced  concrete,  could  be 
finished  on  the  outside  with  stucco,  pebble  dash,  or  some  similar 
material.  The  opportunity  for  the  effective  use  of  colors  here  would 
be  very  great.  If  the  buildings  were  exposed  to  a  fire,  the  exterior 
finish  would  probably  be  a  total  loss,  but  its  value  in  dollars  and 
cents  is  small.  The  fire  might  even  strip  it  off  and  cause  serious  spall- 
ing  to  the  main  wall  underneath,  but,  even  so,  the  operation  of  renew- 
ing the  finish  would  furnish  adequate  repairs  for  the  main  wall  itself. 
On  the  other  hand,  if  face  brick  or  stone  or  ornamental  terra  cotta 
be  spalled,  the  loss  is  total;  the  original  finish  can  not  be  renewed, 
except  by  tearing  the  wall  down  and  rebuilding  it.  On  the  interior, 
combustible  trim  of  all  kinds  should  be  eliminated  and  marble  or 
stone  finish  should  be  securely  protected  from  the  access  of  fire. 
Enameled  bricks  and  enameled  tiles  should  also  be  made  secure 
against  not  only  the  direct  access  of  fire  but  the  effects  of  high  tem- 
peratures however  applied.  Instead  of  marble  wall  finish  or  enam- 
eled bricks  or  tiles,  wall  plaster  of  a  good  quality,  finished  with 
enamel  paint,  fwrnishes  a  perfectly  satisfactory  substitute,  so  far 
as  utility  and  sanitary  qualities  are  concerned.  If  such  finish  is 
destroyed  by  fire,  its  renewal  is  a  matter  of  relatively  small  cost. 

All  interior  partitions  should  be  so  solidly  constructed  that  there 
would  be  no  question  whatever  of  a  fire  ever  getting  through  them. 
That  ought  to  be  absolutely  impossible.  Stairways,  stairway  halls, 
and  other  places  where  elevator  grills,  ornamental  balustrades,  etc., 
might  l>e  used  should  be  so  located  that  no  fire  would  ever  get  into 
them,  and  they  should  be  kept  absolutely  free  of  combustible  matter 
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of  all  sorts  and  descriptions.  Wooden  floor  finish  should  not  be 
allowed  in  any  j^ortion  of  the  building.  All  doors,  door  frames,  win- 
dow frames,  and  w  indow  sash  should  be  of  metal  or  of  wood  covered 
with  metal.  All  important  openings  should  have  doors  on  both  sicfes 
of  the  wall,  the  idea  being  to  so  design  the  interior  of  the  buildihg 
that  a  fire  starting  in  any  one  room  could  be  left  to  burn  itself  out 
not  only  without  being  communicated  to  other  rooms  or  to  the  corri- 
dors, but  also  w  ithout  causing  any  great  money  loss  to  the  building 
itself  in  the  room  or  rooms  where  the  fire  occurs.  The  interior  con- 
struction of  the  building  should  be  such  that,  should  a  fire  by  any 
chance  be  introduced  from  the  outside,  it  could  be  confined  absolutely 
to  the  room  or  rooms  to  which  it  finds  access.  Such  a  thing  as  a 
conflagration  sweeping  through  a  building  can  be  made  impossible 
at  reasonable  exj>ense,  provided  unnecessary  architectural  finish  is 
omitted  and  the  money  ordinarily  expended  on  it  is  applied  to  other 
things. 

Even  such  a  building,  however,  might  have  a  shutter  left  partly 
open,  or  some  other  of  the  various  fire-resisting  devices  might  be  left 
in  such  condition  as  to  defeat  the  purpose  for  which  it  was  installed; 
so  that  if  the  building  contains  a  large  amount  of  combustible  con- 
tents, it  should  still  be  provided  wath  sprinklers.  The  municipal 
w^ater  supply  s-hould  be  under  sufficient  pressure  to  supply  the 
sprinkler  system.  In  a  city  like  San  Francisco  an  artesian  well  and 
fire  pump  in  each  building  should  be  provided  for  the  same  purpose, 
if  j)ossible.  Even  then,  if  there  is  a  conflagration  raging,  the  me- 
chanical staff  of  the  building  and  as  many  more  men  as  can  be 
obtained  should  be  kept  on  duty  inside  the  building,  watching  for 
j)oints  of  weakness  and  extinguishing  fires  should  any  begin.  A 
small  amount  of  water  and  a  small  fon^e  of  men  w^ould  suffice  for 
this  duty  in  a  building  constructed  as  described. 

It  apj)ears  that  in  San  Francisco  a  number  of  owners  who  were 
organizing  forces  for  the  active  defense  of  their  buildings  were 
driven  out  by  the  poli(*e  and  military  authorities  in  accordance  with 
instructions  from  the  municipal  authorities — no  doubt  to  prevent 
looting  and  also  with  a  vieAv  of  saving  people  from  the  effects  of  the 
dynamiting.  It  would  seem,  however,  that  in  some  cases  proper 
judgment  was  not  exercised,  and  that  some  buildinga»might  have  been 
saved  themselves  and  might  also  have  acted  as  barriers  to  the  further 
progress  of  the  flames  if  their  occupants  had  been  permitted  to  carry 
out  their  plans.  For  good  illustrations  of  what  can  be  done  in  this 
way  one  need  point  only  to  the  ])ost-office  building,  the  mint,  and  the 
appraisers'  stores.  There  is  also  every  reason  to  believe  that  a  more 
or  less  active  defense  was  carried  on  in  the  Kohl  Building;  otherwise 
it  must  have  suffered  more  severely  than  it  did.  As  it  was,  however, 
this  building  was  saved  w^ith  slight  damage. 
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A  fire-resisting  building  is,  in  one  sense,  exactly  analogous  to  a 
fortification — it  needs  a  garrison  to  make  it  thoroughly  eifeetive. 
There  is  this  difference,  however,  that  a  fire-resisting  building  can 
be  made  so  effective  in  itself  that  a  relatively  small  garrison  (ran 
save  it.  In  my  judgment,  a  building  thorouglily  well  constructed 
along  the  lines  indicated  in  this  rei^ort  would  stand  in  a  conflagration 
such  as  that  which  occurred  in  San  Francisco,  preserve  its  contents, 
and  suffer  a  loss  to  its  ow^n  structure  and  finisli  not  exceeding  15  per 
cent.  Until  a  result  approximating  this  degree  of  endurance  is 
achieved,  it  is  hardly  fair  to  say  that  the  "  modern  fire-resisting  build- 
ing "  is  a  success,  except  in  so  far  as  it  enables  a  sufficiently  tall  struc- 
ture to  be  erected  on  a  piece  of  valuable  real  estate  to  furnish  an 
adequate  return  for  the  entire  investment,  and  even  this  statement  is 
true  only  as  long  as  the  building  does  not  happen  to  be  attacked  by 
a  conflagration. 

EAKTHQl'AKE    INSURANCE. 

It  would  seem  that  in  a  place  like  San  Francisco  it  would  he  sound 
]>olicy  for  the  business  men  to  form  a  mutual  earthquake  insurance 
company  on  lines  similar  to  tliose  of  the  mutual  fire  insurance  com- 
panies. They  should  emj^loy  competent  experts  to  draft  specifica- 
tions and  evolve  types  of  designs  not  in  conflict  with  the  municipal 
ordinances  for  buildings  specially  i)lanned  to  resist  earthquake.  To 
1)6  admitted  to  the  benefits  of  the  mutual  earthquake  insurance  com- 
pany an  owner  should  be  required  to  conform  to  the  standard  ])huis 
and  specifications.  In  my  judgment,  there  is  every  reason  to  believe 
that  such  an  enterprise  could  be  made  successful  and  that  it  would 
result  in  having  available  at  all  times  a  fund  for  making  good  any 
earthquake  damage.  It  is  probable  that  the  j)remiums  that  would 
have  to  be  charged  by  such  a  mutual  insurance  comj)any  would  be 
found  to  be  no  greater  than  those  that  are  charged  for  fire  risks 
in  large  cities. 

SUMMARY. 

It  will  be  apparent  that  much  of  the  information  presented  in  a 
report  like  this  one  is  necessarily  hearsay.  So  far  as  the  history  of 
the  fire  is  concerned,  this  indefiniteness  can  not  be  avoided,  and  the 
details  of  the  damage  itself  could  be  verified  only  by  a  prolongc^l 
stay  in  the  ruined  city  and  a  close  inspection  of  the  ruins  of  every 
building  at  every  stage  of  the  process  of  cleaning  up.  It  is  to  be 
hoped  that  the  technical  men  engaged  on  this  work  will  keep  a  com- 
plete and  accurate  record  of  all  details  of  every  sort,  which  will  Ix^ 
available  for  future  reference.  It  is  Ixilieved,  however,  that  enough 
evidence  was  collected  at  first  hand  to  abundantly  justify  every  con- 
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elusion  and  broad  statement  contained  in  this  report.  The  only  doubt 
in  my  mind  is  whether  the  damage  may  not  have  been  really  greater 
than  it  appears. 

Extreme  caution  should  be  observed  in  drawing  general  conclu- 
sions from  any  individual  case  of  damage  in  a  great  conflagration. 
For  instance,  the  way  in  which  misleading  conclusions  can  readily 
be  reached  is  indicated  in  the  discussion  of  the  relative  merits  of  terra 
cotta  and  concrete  for  fireproof  floor  construction.  The  records  of  the 
fire,  rightly  read,  would  prove  that  both  concrete  and  burned  clay  are 
efficient  as  materials,  but  that  the  method  of  application  of  both  is 
open  to  severe  criticism.  That  hasty  and  ill-founded  conclusions 
have  been  reached  is  only  too  evident  from  the  articles  which  have 
appeared  since  the  San  Francisco  disaster. 

It  is  also  necessarv  that  extreme  caution  should  be  observed  in 
drawing  conclusions  in  regard  to  the  effect  of  the  earthquake.  Reen- 
forced  concrete  proved  itself  superior  to  brickwork  beyond  any  doubt. 
There  is  every  reason  to  believe  that  for  buildings  of  moderate  height 
reen forced  concrete  can  l)e  so  designed  that  it  will  be  quite  as  effi- 
cient as  a  steel  frame;  but  it  should  be  remembered  that  this  propo- 
sition was  not  proved,  because  there  was  no  reenforced -concrete  build- 
ing of  consideraWe  height  in  the  entire  district  affected.  Again,  the 
fact  that  steel  frames  stood  up  during  the  earthquake  does  not  prove 
that  they  are  earthquake  proof.  The  framing  of  the  tower  of  the 
Union  Ferry  Building  suffered  almost  fatal  damage,  yet  it  stood  up. 
The  Call  Building  proved  the  efficiencv  of  stiff  and  adequate  steel 
bracing;  but  many  of  the  other  commercial  steel-skeleton  buildings 
showed  very  clearly  the  need  of  it.  The  fact  that  some  of  the  tall 
buildings  are  now^  out  of  plumb  is  no  proof  that  they  are  damaged ; 
very  few  such  structures  ever  are  plumb,  and  if  the  deviation  is  not 
very  great  it  is  quite  possible,  even  probable,  that  the  building 
was  erected  out  of  plumb.  The  condition  of  the  masonry  in  wall 
piers,  however,  gives  ground  enough  for  uneasiness.  It  is  safe  to 
say  that  a  well-braced  steel  frame  is  ])ro()f  against  ordinary  earth- 
quakes, but  to  point  to  the  actual  connnercial  steel-frame  structure  in 
San  Francisco  as  a  triumph  of  the  ordinary  type  of  steel  frame,  in 
advance  of  the  careful  detailed  insix^ction  of  the  steel  work  by  com- 
petent engineers,  is  premature,  to  say  the  least. 


THE  EARTHQUAKE  AND  FIRE  AND  THEIR  EFFECTS  ON 
STRUCTURAL  STEEL  AND  STEEL-FRAME  BUILDINGS. 


By  Frank  SoulIc. 

THE  EARTHQUAKE. 

GEOLOGIC  FEATURES. 

On  the  morning  of  April  18,  1906,  central  California  experienced 
an  earthquake,  the  most  severe,  as  measured  by  its  results,  in  the  his- 
tory of  the  State.  The  seismograph  in  the  observatory  of  the  Uni- 
versity of  California,  at  Berkeley,  recorded  the  shock  as  beginning 
at  5  hours  12  minutes  6  seconds  a.  m.,  Pacific  standard  time,  and  as 
lasting  for  one  minute  and  five  seconds.  Its  severity  was  afterwards 
estimated  and  rated  as  IX  in  the  Rossi-Forel  scale  of  earthquake 
intensities.  Other  minor  shocks  followed  immediately  and  at  short 
intervals,  so  that  before  7  p.  m.  of  the  same  day  thirty-one  of  these 
had  been  registered  at  the  obst^rvatory.  Slight  shocks,  coming  suc- 
cessively, after  longer  and  longer  intervals  of  time,  were  experienced 
during  several  weeks  following,  until  finally  the  earth's  crust  in  Cali- 
fornia seemed  to  have  readjusted  itself  to  new  conditions  of  pressure 
and  equilibrium.  The  material  damage  from  the  earth  tremors  was 
inflicted  by  the  first  great  shock.  The  minor  ones  following  wrought 
no  injury,  except  to  throw  down  a  few  tottering  walls  that  had  })een 
racked  by  the  original  earthquake. 

For  many  years  the  leading  geologists  in  California  have  known 
that  a  rift,  or  line  of  dislocation  in  the  earth's  crust — called  in  com- 
mon parlance  an  "  earthquake  (track  " — starting  near  Point  Arena, 
extends  in  a  straight  line,  at  least  400  miles  in  length,  in  a  direction 
S.  35°  E.  (fig.  1,  p.  3).  Passing  under  the  ocean  bed  8  miles  we-st 
of  the  Golden  Gate,  the  rift  cuts  the  shore  again  at  Mussel  Rock,  runs 
along  the  reservoir  basins  of  the  Spring  Valley  Water  Company  and 
over  the  Coast  Range  of  mountains,  ignoring  surface  topography  in 
its  course,  and  extends  at  least  to  Mount  Pinos,  in  Ventura  County, 
and  probably  still  farther  to  Lake  Elsinore,  in  southern  California. 
This  great  "  fault  "  gives  abundant  geologic  evidence  of  having  V>een, 
in  the  remote  past,  the  locus  of  many  distinct  earthquake  movements 
and  disturbances. 
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It  was  a  rupture  and  slip  along  this  fault,  plainly  evident  for 
nearly  200  miles,  that  shook  so  violently  the  thousands  of  square 
miles  of  the  earth's  surface  in  central  California.  The  first  snap  and 
movement  of  the  crust  were  registered  at  the  observatory  of  the 
State  University  as  proceeding  from  south-southeast  to  north-north- 
west, or  about  parallel  to  the  fault.  This  movement  was  there  re- 
corded as  over  3  inches  horizontally,  and  was  accomplished,  as  esti- 
mated by  the  California  earthquake  investigation  commission,  in  one 
second  of  time.  The  vertical  movement  at  the  same  place  and  time 
was  believed  to  be  about  1  inch.  Professor  Omori,  the  distinguished 
Japanese  seismologist,  also  estimated  the  vibration  in  San  Francisco 
to  be  3  inches  in  one  second. 

Instantly  following  this  first  snap  were  rebounds,  reactions,  and 
terranean  reverberations  from  all  parts  of  the  greatly  disturbed  area 
on  either  side  of  the  fault  trace,  which  made  the  record  on  the  seis- 
mograph resemble  a  tangled  spider's  web.  It  was  this  part  of  the 
(^arthcjuake — the  temblors — that  created  and  continued  the  racking 
vibrations,  the  twistings,  and  the  wrenchings  that  brought  down 
chimneys,  walls,  and  towers. 

Members  of  the  California  earthquake  investigation  commission 
advanced  the  belief  that  the  first  break,  slip,  and  shock  in  the  crust 
began  at  the  northwest  extremity  of  the  fault  trace,  and  that  from 
this  point  the  rupture  and  shearing  extended  progressively  toward 
the  southeast.  This  view  seems  to  be  borne  out  bv  later  investi- 
t^atious,  and  certainly  the  greatest  disturbances  on  the  line  of  the 
fault  were  at  and  near  its  northern  extremity.  The  earthquake  was 
felt  to  a  greater  or  less  degree  over  a  vast  extent  of  territory,  stretch- 
ing from  Coos  Bay,  in  Oregon,  to  Los  Angeles,  in  southern  Califor- 
nia, and  from  western  Nevada  over  the  greater  part  of  middle  Cali- 
fornia, and  even  out  to  sea.  Although  not  noticeable  to  the  senses,  it 
was  recorded  on  seismographs  in  AVashington,  I).  C. ;  Tokyo,  Japan; 
and  Potsdam,  German  v. 

A    STUDY    OF   THE    EFFECT   OF    NATURAL    FEATURES    ON    THE 

INTENSITY  OF  DESTRUCTION. 

niSTANCK    FROM    TIIK    FAl'LT    LINK. 

Tlio  actual  area  of  destruction  was  about  -lOO  miles  long  (from 
nortli  to  south)  and  r>()  miles  wide  on  either  side  of  the  fault  trace. 
The  destruction  wrought  l)y  the  earthquake  in  its  severe  eifects  was 
proportional  in  a  way  to  the  nearness  of  the  locality  to  the  fault  trace, 
but  varied  greatly  ac(*ording  to  the  character  of  the  rock  and  soil 
formation  throughout  the  disturbed  area. 

Directly  on  the  fault  trace  the  disturbance  and  destruction  were 
at  a  maximum.     Many  buildings  and  other  structures  were  wrenched, 
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twisted,  and  thrown  down  (PL  X,  //) ;  fissures  weiv  ()])ene(l  in  the 
earth  (Pis.  Ill,  IV) ;  trees  were  iq^rooted  and  thrown  to  the  groiuid, 
or  snapped  off,  leaving  their  stumps  in  a  standing  i)osition,  or  split 
from  the  ground  up  through  the  stock  to  the  branchc^s  (PI.  II). 
Roads  were  ruined  for  long  distances,  bridges  were  thrown  off  their 
abutments  (PI.  XI,  ^1),  and  water  pipes  were  twisted,  telescoped, 
collapsed,  or  broken  (Pis.  IX:  X,  .1).  Along  the  seashore  innnense 
landslides  occurred,  throwing  vast  quantities  of  earth  and  rock  into 
the  sea.     (See  also  PI.  VIII,  B.) 

The  main  pipe  lines  of  the  Spring  Valley  Water  Company,  which 
were  depended  on  exclusively  to  suj)ply  the  city  of  San  Francisco 
with  water,  as  well  as  the  distribution  system  of  this  ccmipany  in 
the  city,  were  broken  in  many  places,  and  the  supply  of  water  was 
absolutely  cut  off  for  a  number  of  days  after  the  earthquake  (map 
PI.  LVI).  The  great  mains  leading  from  Pilarcitos,  San  Andreas, 
and  Crystal  Springs  lakes  were  all  badly  broken  (PL  LVII).  The 
Pilarcitos  conduit  in  particular,  which  ran  almost  along  the  fault 
trace,  was  completely  ruined  and  rendered  unlit  for  repair  (PL  IX). 
The  great  44-inch  water  main  crossing  the  San  Bruno  marsh  was 
thrown  down  from  its  s'upi^orting  trestles  in  a  serpentine  line,  and 
broken  in  several  places. 

As  the  distance  from  the  fault  trace  increased,  the  violence  of  the 
disturbance  in  a  general  way  diminished,  but  this  statement  must 
be  modified  by  saying  that  in  cities  and  towns  built  ui)on  the  alluvial 
soil  of  valleys  the  destruction  was  at  its  greatest,  as,  for  instance,  at 
Santa  Rosa,  about  20  miles  east  of  the  fault  trace,  in  the  Sonoma 
Valley  (Pis.  XIV,  B:  XVII,  .1).  This  city,  built  upon  a  deep, 
alluvial  soil,  was  more  severely  shaken  and  suffered  greater  damage. 
in  proportion  to  its  size,  than  any  other  town  in  the  State.  Scarcely 
a  brick  or  stone  building  in  the  town  was  left  standing,  and  80 
people  were  killed. 

SOIL    FORMATION. 

The  destruction  wrought  by  the  earthquake  amounted  to  little  or 
nothing  in  well-built  structures  resting  upon  solid  rock,  and,  all 
other  things  being  equal,  increased  in  ])roj)ortion  to  the  (le])th  and 
incoherent  quality  of  the  foundation  soil.  Thus  dwellings  in  Ber- 
keley, upon  the  solid  rock,  were  scarcely  disturbed,  while  those  on 
the  level  plain  of  Oakland,  4  miles  distant,  were  severely  shaken  and 
injured,  as,  also,  were  the  buildings  at  Leland  Stanford  Junior  Uni- 
versity (Pis.  XIV,  -1;  XV;  XVF:  XVII,  //;  XVIII),  7  miles  dis- 
tant from  the  fault  trace;  at  San  Jose  (Pis.  XII,  //;  XIII,  H).  in 
miles  distant;  and  at  Agnew  (PL  XIII,  .1),  lt>  miles  distant.  The 
town  of  Salinas  and  the  alluvial  vallev  of  Salinas  River  were  also 
severely  shaken.  This  region  was  fissured  and  disturbed  more  than 
anv  other  district  in  the  State. 
7171— BulL  324—07 10 
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In  order  to  get  a  fair  understanding  of  the  eifects  of  the  earth- 
quake in  San  Francisco,  a  knowledge  of  the  geologic  formation  and 
the  different  soils  constituting  the  foundations  of  structures  is  neces- 
sary. The  city  and  county  of  San  Francisco  comprise  the  northern 
extremity  of  a  long,  narrow  peninsula,  lying  south  of  the  Golden 
Gate,  l>etween  the  Pacific  Ocean  on  the  west  and  the  southern  half 
of  San  Francisco  Bay  on  the  east.  (See  map,  PI.  LVII.)  The 
l)oimdary  line  l>etween  this  county  and  San  Mateo  County  lies  about 
8  miles  south  of  the  Golden  Gate.  The  area  of  San  Francisco  County 
is  4GJ  square  miles.  The  population  of  the  city  on  April  1,  1906, 
was  estimated  to  l)e  400,000. 

The  site  of  the  city  has  at  least  four  different  soil  formations. 
Around  the  Bay  of  San  Francisco,  from  Telegraph  Hill  to  Mission 
Creek,  which  runs  from  west  to  east  and  empties  into  the  bay,  and 
on  both  shores  of  the  creek  is  a  strip  which  was  originally  mud 
flats  and  overflowed  lands,  having  an  area  of  about  854  acres.  These 
tracts  have  been  gradually  filled  in  (especially  on  the  bay  shore 
and  the  northern  Mission  Creek  sides),  since  the  days  of  the  Ameri- 
can occupation,  by  encroachments  on  the  water  front,  due  to  business 
and  commercial  j)ressure,  and  wharves  and  docks,  warehouses,  fac- 
tories, manufacturing  establishments,  and  large  wholesale  houses 
have  l^een  built  on  these  filled-in  lands.  At  the  present  time  these 
large  areas  are  for  the  most  part  included  wdthin  the  sea  walls  run- 
ning around  the  officially  established  water  front  nearly  as  far  as 
Mission  Creek.  Thev  are  known  as  '*  made  lands,"  and  consist  of 
deep  layers  of  mud.  in  many  phices  saturated  with  salt  water,  and 
overlain  by  sand,  trash,  etc.,  which  has  been  filled  in  upon  them. 

On  this  soil  were  built  nearly  all  the  commercial  and  wholesale 
])usiness  structures  of  San  Francisco — such  as  the  Union  Ferry  Build- 
ing — many  large  hotels,  the  post-office,  the  branch  mint,  and. similar 
structures.  On  the  Mission  (^reek  side  W(»re  originally  very  large 
areas  of  marshes  that  have  been  filled  in  with  sand  from  adja- 
cent hills.  A<ljoining  all  these  made  lands  is  the  ccmiparatively 
level  ground,  coniposcMl  of  a  natural  mixture  of  sand  and  clay,  formed 
by  the  wearing  of  the  hillsides  and  by  the  incoming  of  sands  drifted 
from  the  seacoast.  I  j)on  this  'fringe  of  soil  lu'xt  to  the  made  lands 
were  built  many  of  the  lai'gest  hotels,  tall  office  buildings,  and  expen- 
sive structures  of  brick,  stone,  and  steel. 

A  rid<re  of  rockv  hills  runs  from  the  northeast  corner  of  the  city, 
or  Telegraj)h  Hill,  southwestward  along  Kussian  Hill,  Clay  Street 
Hill,  and  so  on,  to  Sntro  Heights.  These  hills  are  composed  largely 
of  indurated  clay,  shale,  and,  on  their  highest  sunmiits.  seri>entine 
and  other  rocky  formations.  A  ridge  of  sand  hills  I'uns  through  the 
western  and  soutlnvestern  ])ortions  of  the  city  to  the  Pacific  Ocean. 
The  slopes  an<l  summils  of  the  hills  nearest  the  business  portion  of 
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the  city  are  closely  built  residence  districts,  and  the  areas  toward  the 
Pacific  Ocean  are  covered  with  cottages,  more  and  more  sparsely 
placed,  to  the  boundaries  of  the  county. 

Adjoining  the  business  district  on  the  southwest  side,  along  Mis- 
sion Creek,  on  the  flat  sand  lots,  was  another  thickly  populated 
residence  section  known  as  "  south  of  Market  street."  It  was  occu- 
pied almost  exclusively  by  w^ooden  buildings. 

More  than  90  per  cent  of  the  buildings  in  San  Francisco  were  of 
wood.  Almost  all  the  brick,  stone,  and  steel  structures  w^ere  in  the 
congested  business  portions  of  the  city,  upon  or  very  near  the  made 
land.  Even  in  this  district  there  was  a  large  percentage  of  wooden 
buildings.  High  steel  structures  of  the  most  modern  type  have 
been  erected  only  recently  in  San  Francisco,  and  the  number  of  them 
is  small,  not  exceeding  50. 

The  most  destructive  effects  of  the  earthquake  in  San  Francisco 
w^ere  experienced  upon  this  made  land.  AMierever  buildings  were 
w^ell  founded  on  wooden  piles  deeply  driven  into  the  mud — as,  for 
example,  the  Union  Ferry  Building — these  foundations  were  dis- 
turbed but  little  or  not  at  all ;  and  where  the  superstructure  had  been 
well  and  strongly  put  up,  practically  no  damage  resulted.  Only  in 
poor  foundations  laid  directly  upon  "  filled-in  "  ground  on  the  raft 
principle,  or  in  buildings  that  were  poorly  constructed  or  under- 
pinned or  had  a  weak  frame,  poor  brickwork,  or  brick  laid  dry  in 
poor  lime  mortar,  was  there  serious  damage  or  collapse. 

The  Union  Ferry  Building  (PI.  XL VI,  /I),  with  the  exception  of 
its  high  tower,  was  little  injured,  and  the  level  of  its  floors  w^as  not 
perceptibly  changed.  At  the  same  time,  the  streets  at  its  front,  which 
rested  simply  on  the  made  soil,  were  rolled  into  waves  3  or  4  feet  in 
height.  So  far  as  the  writer  is  aware  no  foundations  that  had  been 
properly  established  were  in  any  considerable  degree  injured  by  the 
earthquake;  nor  w^as  any  structure  of  brick  or  stone,  iron  or  steel, 
that  was  well  designed  and  constructed,  greatly  damaged.  Some 
chimneys  and  cornices  were  throwm  dow^n,  but  imtil  the  fire  had 
passed  over  the  region  the  structures  remained  ready  for  use.  This 
statement  applies  especially  to  the  wooden-frame  structures  through- 
out the  residence  part  of  the  city,  where  the  only  losses  w^ere  those  of 
chimneys  and  plaster. 

On  the  made  land  in  the  business  portion  of  the  city  there  had 
been  erected  in  early  days  many  light  wooden  buildings,  which 
rested  on  simple  timber  underpinning  founded  on  the  filled-in  mate- 
rial. Many  of  these  structures  collapsed,  but  this  result  was  due  to 
their  imperfect  foundations  and  weak  construction  rather  than  to  the 
severity  of  the  earthquake.  Numerous  structures  in  this  district 
had  been  built  of  dry  brick  or  stone  laid  in  common  lime  mortar, 
and  their  beams,  girders,  and  cohnnns  had  not  been  anchored  to  the 
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walls.  Such  walls  commonly  collapsed,  and  the  brick  were  found 
afterwards  with  dry,  clean  surfaces,  the  mortar  having  no  adhesion. 
(See  PL  XXI,  A,)  On  the  other  hand,  walls  that  had  been  laid 
in  Portland-cement  mortar,  with  brick  thoroughly  wetted  and  all 
parts  well  bonded  together,  stood  the  trial  perfectly  and  are  stand- 
ing to-day. 

Tall,  steel-frame,  stone-exterior  office  buildings  of  the  class  A  type 
that  were  founded  either  on  well-driven  piles  or  on  concrete  slabs 
suffered  no  very  serious  injury  by  the  earthquake.  With  the  excep- 
tion of  a  crack  here  and  there  in  a  stone  pier,  arch,  or  stairway,  or  a 
block  of  veneer  loosened  or  dropped  from  a  front,  they  refnained 
entirely  serviceable,  so  far  as  the  earthquake  effect  was  concerned. 
An  excellent  example  of  this  class  of  buildings,  and  one  that  is 
exceedingly  instructive,  as  it  passed  through  the  earthquake  but 
escaped  the  fire  that  ravaged  San  Francisco,  is  the  Union  Savings 
Bank,  in  Oakland,  at  the  corner  of  Broadway  and  Thirteenth  street. 
This  building  is  a  steel-frame,  stone-veneered  structure,  having  11 
stories  and  a  basement.  It  is  founded  upon  separate  concrete  blocks 
and  piers  which  rest  upon  a  strong  soil  of  mixed  sand  and  clay.  This 
structure  was  practically  uninjured. 

Buildings  in  San  F'rancisco  which  rested  upon  foundations  of  sand 
in  natural  place  were  not  injured  by  the  shock,  except  where  the  sand 
was  on  a  hillside  or  had  opportunity  to  spread  and  flow.  In  such 
places  buildings  of  either  masonry  or  wood  were  badly  shaken. 
^^^lore  the  buildings  rested  upon  good,  hard  soil,  as  on  the  hillsides 
or  summits,  practically  no  injury  was  done  with  the  exception  of  the 
loss  of  chimneys  and,  in  some  buildings,  of  j)laster.  A  first-class 
building  of  stone,  brick,  concrete,  or  steel  frame  in  such  situation 
seems  absolutely  proof  against  any  earthquake  of  no  greater  severity 
than  the  one  under  discussion. 

TUE  FIRE. 

GENERAL  DESCRIPTION. 

Immediately  after  the  first  shock  of  the  earth(iuake  sixteen  alarms 
of  fire,  from  widely  separated  localities,  were  turned  in  to  the  central 
station.  The  causes  of  these  fires  wen*  directly  traceable  to  earth- 
(piake  effects,  such  as  the  upsetting  of  oil  lamps  and  oil  and  gasoline 
stoves,  the  contact  of  combustible  material  with  lamps  and  gas  jets, 
the  rupturing  of  chimneys  and  flues,  the  scattering  of  chemicals,  such 
as  phosphorus,  and  the  uj)S(»tting  of  boilers,  furnaces,  etc.  It  is 
claimed  that  currents  of  electricity  (li<l  not  oriirinate  any  fire.  Either 
the  generators  were  disabled  or  the  attendants  switched  off  tlie 
currents. 
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The  death  of  Mr.  Sullivan,  the  chief  of  the  fire  departmenl,  wliich 
was  caused  by  the  falling  of  a  mass  of  brick  from  a  chimney  while 
he  lay  ill  in  bed,  was  a  most  unfortunate  accident,  as  the  city  was 
thereby  deprived  of  his  excellent  knowledge  and  skill  as  a  fire  fighter. 
The  fire  department,  although  it  responded  promptly  to  the  calls 
and  was  composed  of  brave  and  efficient  men,  with  excellent  appara- 
tus, was  disconcerted  by  the  loss  of  its  chief  and  paralyzed  in  its 
action  by  the  almost  complete  rupture  and  disintegration  of  the 
water  system.  The  city  mains  were  so  thoroughly  broken  that  in  a 
short  time  not  only  could  no  water  be  obtained  for  the  extinguish- 
ment of  fires,  but  for  a  number  of  days  little  water  could  be  had  for 
domestic  use,  and  the  people  were  compelled  to  rely  on  a  few  wells 
that  remained  available. 

In  private  dwellings  incipient  fires  were  quickly  extinguished  by 
individual  effort ;  but,  because  of  the  early  hour,  the  fires  which  started 
in  the  great  downtown  business  houses,  factories,  etc.,  "  south  of 
Market  street,"  grew  to  alarming  proportions  before  anyone  could 
reach  and  conquer  them.  With  the  exception  of  the  private  water 
supplies,  such  as  wells  (see  map,  PI.  LVI),  pumping  systems,  etc.,  pos- 
sessed by  a  few  establishments,  there  were  no  means  of  extinguishment. 
Within  three  hours  after  the  earthquake  nine  fires  were  in  full  con- 
flagration between  "  The  Mission  " «  and  the  water  front  south  of 
Market  street.  At  first  there  was  little  or  no  wind  to  fan  the  flames, 
but  the  great  heat  soon  drew  in  a  current  of  air  which  continually 
increased,  and,  varying  from  one  point  to  another,  swept  the  flames 
first  in  this  direction  and  then  in  that.  By  Wednesday  noon  the 
fire  had  consumed  nearly  a  square  mile  of  the  city  on  the  south  side 
of  Market  street,  and  on  the  afternoon  of  the  same  day  it  broke  across 
to  the  north  side,  in  the  vicinity  of  the  high  steel  Call  (Claus  Spreck- 
els).  Examiner,  and  Chronicle  buildings.  Thence  the  fire  veered 
with  the  wind,  burning  northward  and  westward  through  China- 
town, and  joined  its  destructive  energy  with  that  of  a  separate  col- 
umn oJP  fire  that  had  swept  up  from  the  lower  end  of  Market  street 
and  the  water  front.  The  column,  driven  by  the  wind,  ate  its  way 
rapidly  through  the  residence  portion  of  the  city,  which  was  built 
of  wood  and  hence  w^as  consumed  like  tinder.  Three  hours  after  the 
conflagration  had  begun  a  corps  of  dynamiters  was  organized,  but  as 
no  such  body  had  existed  in  the  fire  department,  it  was  necessarily 
composed  of  volunteers  and  amateurs.  These  men  fought  the  flames 
with  great  bravery,  but  with  little  skill,  and  their  endeavors  to  arrest 
the  progress  of  the  fire  by  throwing  structures  down  in  its  path  were 

"•*The  Mission'*  Is  a  well-known  locality  In  the  city  of  San  Francisco.  It  Is  the  site 
of  the  original  settlement  and  mission  established  by  the  Franciscan  monks,  and  the  old 
MissioD  Charch  still  stands  there  (PI.  IIXIII,  B),  as  the  fire  was  checked  at  this  point 
Just  In  time  to  save  it. 
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futile  until  late  on  Thursday  night,  after  a  dynamite  expeil  had 
been  put  in  charge.  A  hist  stand  was  made  in  the  western  part  of 
the  city,  at  the  broad  and  open  street.  Van  Ness  avenue.  Here  the 
dynamiters,  aided  by  the  sliifting  of  the  wind  to  the  west,  were  able 
to  stay  the  progress  of  tlie  fire.  P^verything  in  the  Mission  district 
had  been  burned,  except  at  places  where  the  flames  were  checked  by 
means  of  private  water  sui^plies.  Although  comparatively  feeble, 
the  fire  continued  in  some  parts  of  the  desolated  district  until  Satur- 
day morning,  April  22,  when  the  last  blaze  was  extinguished.  The 
wharves  and  a  fringe  of  buildings  along  the  water  front  had  been 
saved  by  means  of  engines  and  State  fire  boats  drawing  water  from 
the  bay. 

The  area  of  the  burned  district  (see  PI.  LVI)  is  4.05  square  miles, 
or  2,593  acres,  and  includes  400  blocks  entirely  burned  and  32  blocks 
partially  burned.  These  blocks  were  in  two  different  classes,  one 
being  the  '"  100- vara  "  block,'''  and  the  other  the  "  50- vara."  Some 
structures  along  Mission  Creek  and  a  few  residences  on  the  summits 
of  Telegraph,  Russian,  and  Clay  Street  hills  (PI.  LIV)  escaped. 
The  mint  and  a  few  other  buildings  were  also  saved  by  means  of 
private  water  supi)lies. 

Thus  the  greatest  fire  in  the  history  of  the  world  destroyed  more 
than  4  square  miles  of  closely  built  city  property  estimated  at  $500,- 
000,000,  half  of  which  was  insured;  with  the  loss,  it  is  believed,  of 
about  800  human  lives  (though  the  official  count  is  less). 

San  Francisco  was  little  ])r(*pared  to  fight  a  conflagration  under 
the  existing  conditions.  Ever  since  the  six  devastating  fires  of  the 
period  from  1841)  to  185*J  the  people  had  evidently  relied  on  the  excel- 
lence of  the  fire  department  (subsequently  organized),  the  damp 
atmosphere,  and  the  tradition  that  redwood,  which  composed  the 
exterior  of  DO  per  cent  of  the  structures,  would  not  burn.  Dwellings 
were  not  i)rotected  against  fin*  either  from  within  or  without,  and  the 
same  may  be  said  of  most  of  (he  boarding  houses  and  even  of  s(mie  of 
the  public  hotels.  There  were  few  chemical  extinguishers,  private 
water  supplies,  or  other  fire  aj)paratus  in  existence.  In  the  congested 
business  district  buildings  that  had  ample  modern  means  of  fire  pre- 
vention within,  or  i)rotection  against  fire  from  without,  were  the 
exception  rather  than  the  rule.  Few  buildings  had  metal  shutters, 
wire-glass  windtms,  sprinkler  systems  (interior  or  exterior),  or  pri- 
vate wells,  tanks,  or  pumps.  Some  buildings  where  these  preventives 
were  installed  were  saved,  although  surr()unde<l  by  fire. 

InHanimable  wooden  i)uildings — remnants  of  the  pioneer  days  of 
1841)- -were  scattered  through  the  business  districts  and  added  fuel 
to  the  flames.     The  magnificent  high  steel  structures  that  were  gutted 

<'  The  vara  is  tbc  Spauish  uuit  of  length,  and  equals  'A'SA^H  inches. 
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by  the  fire  owe  their  desolation  for  the  most  part  to  their  environment 
by  these  inflammable  buildings. 

There  was  no  dynamiting  corps  in  the  fire  deparment  and  no  ade- 
quate salt-water  system  for  fighting  fires,  although  the  city  was 
almost  surrounded  by  salt  water,  and  there  were  no  fire  boats  be- 
longing to  the  department,  and  few  cisterns  in  the  streets  or  squares. 
Most  of  the  streets  were  very  narrow,  and  many  of  them  were  lined 
by  high  wooden  buildings.  With  the  water  mains  and  distribution 
system  incapacitated  by  the  earthquake,  it  is  no  wonder  that  the  city 
burned ;  the  only  wonder  is  that  it  had  not  burned  before.  This  re- 
sult had  been  prophesied  by  insurance  inspectors  many  months 
I)reviously. 

ABSTRACT    OF    REPORT    OF    ENGINEERS*    COMMITTEE    OF    THE 
NATIONAL  BOARD  OF  FIRE  UNDERWRITERS. 

The  Coast  Review,  an  insurance  paper,  gives  an  abstract  of  the 
report  and  conclusions  of  the  engineers'  committee  of  the  National 
Board  of  Fire  Underwriters.  This  report  was  published  in  October, 
1905,  many  months  preceding  the  occurrence  of  the  great  fire,  and  is 
epitomized  as  follows : 

The  area  of  San  Francisco  within  the  "  fire  limits  "  was  1.6  square 
miles.  The  "  brick  district "  comprehended  0.95  square  mile,  and 
the  "  congested-value  district  "  0.49  square  mile.  The  number  of  fires 
in  the  preceding  nine  years  w^as  moderate,  but  the  average  loss  at  each 
fire  was  two  or  three  times  the  loss  expected  in  cities  having  ordinary 
fire  protection.  The  w^ater  supply  was  satisfactory  in  many  respects, 
although  the  pressure  (the  average  being  52  pounds)  was  too  low  for 
automatic  sprinkler  equipments,  standpipes,  etc.  The  fire  hydrants 
were  of  an  old  style,  and  many  water  mains  were  too  small.  There 
were  four  water  services,  varying  for  districts  of  diiferent  levels.  It 
was  stated  that  the  fire  department  was  satisfactory  in  most  respects, 
but  that  the  building  laws  were  not  enforced  thoroughly  and  impar- 
tially.    The  fire-alarm  system  was  criticised  adversely. 

The  "  congested-value  district "  w^as  bounded  on  the  north  by  a 
mixed  mercantile,  warehouse,  and  dw^elling  section ;  on  the  west  by  a 
fashionable  boarding-house,  apartment,  and  residence  district;  on 
the  south  by  a  compactly  built  mixed  district  composed  of  dwellings 
and  manufacturing  and  mercantile  buildings,  and  on  the  east  by  the 
Bay  of  San  Francisco.  This  district  consisted  of  101  blocks,  contain- 
ing 2,086  separate  buildings,  of  which  2.2  per  cent  w^ere  fireproof, 
68.3  were  joisted  brick,  and  29.5  were  frame  buildings.  There  was 
only  one  sprinkler  equipment  in  the  district,  and  it  w^as  practically 
obsolete.     Premises  were  generally  clean  and  well  cared  for. 

The  "  potential  hazard  "  in  the  produce  and  commission  district 
bounded  by  Battery,  Washington,  Drumm,  and  Commercial  streets 
was  said  to  be  serious.    The  expert  inspectors  claimed  to  have  fouud 
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"  conflagration  l)reodors/'  In  regard  to  the  blocks  north  of  Market 
street  and  Ix^tween  Powell  and  Taylor  streets  they  reported:  "This 
section  contains  more  serious  exposures  and  conflagration  breeders 
than  any  otlier  ecjual  area  in  the  city/'  They  reported  "  frequent 
high  winds,'-  the  absen(!e  of  modern  protective  devices  generally,  the 
"probability  feature"  alarmingly  sevei-e,  the  elements  of  a  "confla- 
gration hazard  '■  ])resent  to  a  marked  degree,  and  the  topography 
unfavorable.  In  fact,  '*  San  Francisco  has  violated  all  underwriting 
traditions  and  precedents  by  not  burning  up;  that  it  has  not  done 
so  is  largely  due  to  the  vigilance  of  the  fii'e  dei^artment,  which  can 
not  l)e  relied  upon  indefinitely  to  stave  off  the  inevitable." 

This  rej)()rt  was  localh-  regarded  as  very  severe,  and  in  some 
respects — for  instance,  when  referring  to  winds,  redwood  lumber,  and 
hilly  topography  being  unfavorable — as  erroneous;  but,  unfortu- 
nately for  San  P^rancisco,  the  j)rophe(*v  has  come  true. 

EXTRACT  FROM  A  SAN  FRANCISCO  FIRE  EXPERT'S  REPORT  TO  THE 

BRITISH    FIRE-PREVENTION    COMMITTEE. 

George  J.  W(»llington,  who  was  lK)rn  and  reared  in  San  Francsico, 
and  therefore  can  not  l)e  accused  of  prejudice  against  that  city,  in 
his  report  to  the  British  fire-prevention  committee  of  London  in  1906, 
says,  among  other  things : 

A  jjlaiK-e  at  tla*  city  from  a  i)oiiit  of  eminence  Rbortly  after  the  temblor 
liad  siihsidod  at  oncf  disdostHl  tlie  fact  tliat  San  Francisco  was  doomed.  Col- 
umns of  smoke  asccndinjc  from  lires  at  many  (Ufferont  iwints  made  apparent  a 
condition  tliat  no  tiro  department  in  existence  could  coiH»  with,  on  account  of 
tlie  iniiK>ssil)ility  of  asseml>iinj:  snlli<"ient  api)aratus  at  each  fire  to  control  it, 
and  particularly  on  jicconnt  of  the  fact  that  there  was  little  or  no  pressure  In 
the  hydrants.  .  .  .  Observation  for  six  hours  fnmi.the  top  of  a  tall  office 
huildin;:  faiksl  to  illustrat(»  anything:  not  already  known  to  fire  experts,  and 
l>reviously  demonstrated  at  Haltiniore  and  otluM*  i)la<'es.  Unprotected  openings 
of  brick  buildinj^s.  impn>i)eriy  hnn;;  and  uncartnl-for  metal-clad  shutters,  Inef- 
fe<-tive  rollin;::  and  ordinary  iron  shutters,  were  conspicuous  by  their  weakness. 
KxjKJsed  sides  of  hnjlow-tilc  liri'pr(M)tin^'  apiin  cracke<l  away;  concealed  piping 
a^ain  for<"ed  tirepro(>lin^  away  from  steel  members  that  it  was  intended  to  pro- 
tect; metal-lath  and  i>lastcr  partitions  aj;ain  failed,  and  uni)rotected  steel  was 
warped  jind  distorted,  permit tin.ir  floors  to  fall.  Tall  brick  buildings  with 
joiste<l  int«'riors  radiated  hrjit  t»)  wooden  cornicos  and  window  frames,  which 
took  lire.  ...  In  l:ut,  everything  that  had  been  pHNrn-ted  by  fire  engineers 
orcurn'd. 

Tho  biirntry  of  anhiterts,  the  cupidity  of  contractors,  and  the  penurlousness 
of  owners  linvc  hiid  th«'  metropolis  at  the  Paritic  low.  The  work  of  intelligent 
an-hitrcts  mmc  to  nan^'lit  a;:ainst  ihe  creations  of  incompetent  ones.  The  own- 
ers oi"  well-cnnsirnctc«I  bnildin;;s  wi'rt^  burned  cait  by  their  criminally  careless 
nci<r!ilM)rs.  In  many  instan<cs  talent  was  not  entrajred  on  account  of  its  ability 
to  const rnct  permanently  an<l  well,  but  rather  for  its  shrewdness  In  erecting 
structures  that   wonlil  earn  the  j:reatest  returns  for  ^.ans  invested.     Comiwtl- 
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tion  in  this  respect  has  led  to  the  use  of  inferior  materials  and  the  evasion  of 
building  laws  and  the  underwriters*  recommendations.  San  Francisco  i^)ssosses 
building  laws  in  plenty,  which  require  enforcement  rather  than  alteration.  A 
valuable  addition  to  present  ordinances  would  be  one  similar  to  that  in  force  in 
some  European  countries,  which  penalizes  owners  for  fires  that  escape  from  their 
buildings,  affording  protection  to  men  disposed  to  build  well. 

EFFECT  OF  THE  LAYOUT  OF  THE   CITY   AND  THE  CHARACTER   OF 

THE   BUILDINGS. 

San  Francisco,  as  already  stated,  is  divided  into  three  great  dis- 
tricts. Market  street,  the  great  artery  of  the  city,  120  feet  wide,  runs 
south  westward  from  the  bay,  and  divides  the  city  into  two  parts — 
first,  a  level  district  on  the  south,  largely  filled  with  wooden  build- 
ings, factories,  foundries,  lodging  houses,  and  the  like,  but  around 
the  bay  extremity  of  the  street  covered  to  a  considerable  extent  with 
buildings  of  brick,  stone,  or  steel  frame;  second,  the  uneven  and  in 
its  remoter  parts  hilly  district  on  the  north.  This  northerly  portion 
is  subdivided  by  Van  Ness  avenue,  w^hich  separates  the  older  resi-. 
dence  district  from  the  newer  one  on  the  west. 

In  the  older  section  of  the  city,  between  Market  street  and  Van 
Ness  avenue,  the  streets  had  been  established  under  the  old  Spanish 
system  of  "  100-vara  lots,"  as  they  are  locally  known,  each  block 
containing  about  76,000  square  feet.  West  of  Van  Ness  avenue  and 
south  of  Market  street,  in  parts  of  the  city  more  recently  surveyed 
and  built  upon,  the  blocks  are  much  larger,  and — particularly  along 
Market,  Mission,  and  adjacent  streets  to  the  south — were  built  up 
with  very  long  rows  of  buildings,  many  of  them  continuous  for 
hundreds  of  feet.  These  blocks  were  so  large  that  it  w^as  found 
necessary,  or  at  least  convenient,  to  subdivide  many  of  them  by  nar- 
row streets  or  alleys  that  permitted  the  ingress  and  egress  of  carts 
and  drays.  It  was  easy  for  the  flames  to  pass  across  these  narrow 
streets,  and  the  heat  was  in  many  places  so  great  that  buildings  on 
the  opposite  side  of  the  street  were  ignited  by  the  heated  air  without 
the  passage  of  any  flames. 

More  than  90  per  cent  of  the  buildings  in  San  Francisco  were  of 
wooden-frame  construction,  and  many  of  the  new,  modern,  and  so- 
called  "  fireproof "  buildings  wore  surrounded  by  frame  structures 
of  an  old  type,  and,  of  course,  were  injured  or  destroyed  by  their 
combustion.  The  fire  limits  j)ermitted  these  wooden  structures  to 
approach  rather  close  to  the  lousiness  section;  and  in  the  congested 
business  district  at  least  30  j)cr  cent  of  the  buildings  wore  of  frame 
construction,  some  of  them  four  or  five  stories  in  height.  Outside 
of  the  congested  district  many  business  houses  and  almost  all  dwell- 
ings were  frame  structures,  and  except  in  the  outskirts  of  the  city 
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were  closely  built  in  long  rows  extending  over  entire  blocks.  In  the 
business  district  almost  every  sej)arate  structure  was  close  to  its 
neighbors.  Wide,  uncovered  spaces  separating  buildings  were,  as  a 
rule,  confined  to  the  outlying  suburbs.  In  the  compactly  built  dis- 
trict of  wooden  structures  a  house  everv  three  minutes  was  ire- 
quently  the  rate  of  destruction  from  the  fire  during  the  high  wind 
that  prevailed  at  times. 

In  the  congested  business  district  about  75  per  cent  of  the  streets 
were  GO  feet  wide,  and  a  few  (about  30  per  cent)  were  at  least  80 
feet  wide.  These  streets  offered  very  little  obstruction  to  the  passage 
of  the  flames  or  heated  air,  and  it  was  aided  bv  the  winds  that  were 
caused  largely  by  the  conflagi'ation. 

The  height  limit  as  established  by  the  city  ordinances  was  220  feet 
for  buildings  of  class  A,  100  feet  for  class  B,  82  feet  for  class  O, 
and  45  feet  for  frame  buildings.  Brick  buildings  with  wooden  joists 
were  therefore  allowed  to  be  built  to  a  height  of  eight  stories  if 
furnished  wnth  wire-lath  and  plaster  ceilings,  thus  affording  the  fire 
admirable  opportunities  for  destruction. 

BKHATIOR  OF  HTRUCTUllAIi  STEEIi  AND  STBEI/-FRAME 
BUILDINGS  SUBJECTED  TO  THE  EARTHQUAKE  AJSTD 
FIRE. 

EFFECTS  DUE  PRIMARILY  TO  THE  EARTHQUAKE. 

INTKODl'CTIOX. 

Structural  stool  as  a  building  material  and  as  a  principal  stress 
resistant  in  high  steel-frame  buildings  has  greatly  increased  in  favor 
since  its  entirely  satisfactory  In^havior  in  the  recent  great  vibrations 
in  California;  for  while  it  possessed  strength  and  stiffness  to  a  satis- 
factory degree,  it  also  (lisj)hiyed  an  amount  of  elasticity  that  avoided 
much  shearing  and  fracture,  even  under  the  vibrations  of  the  tallest 
st(»el-frame  structures. 

The  In^havior  of  structures  of  the  various  types  in  San  Francisco 
and  (»lsewhere  in  the  area  destructively  affected  bv  the  earthquake 
was  in  strict  accordance  with  the  mei'its  of  tlieir  foundations,  design, 
materials,  and  workmanship.  The  so-called  fireproof  buildings 
within  th(»  area  most  affected  by  the  earthquake,  and  afterwards,  in 
San  Francisco,  burned  over,  did  n(^t  exceed  ()0  in  number.  Among 
these  buildings  were  S  having  steel  frames  and  hollow-tile  floor 
ai'ches,  til)  oi*  'M)  having  steel  frames  with  reen  forced -concrete  floor 
arches,  and  "2  having  reen  forced -concrete  fiames — one  of  these  of 
impiM'fect  d(»sign.  There  were  (>  unfinished  buildings  wuth  steel 
frames,  and  10  having  brick  walls  and  fireproof  floor  arches. 
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FOUNDATIONS. 

It  is  believed  that  every  building  whose  foundations  were  well  and 
strongly  established — upon  deep  piling,  as  the  Union  Ferry  Building 
and  the  Merchants'  Exchange;  with  reenforced-concrete  slab,  as  the 
Call  Building;  upon  separate  concrete  piers  or  grillages  resting  upon 
good  beds  having  a  uniform  load  per  square  foot,  as  the  Union  Sav- 
ings Bank  in  Oakland;  or  upon  any  other  type  of  excellent  founda- 
tion— escaped  injury  by  the  earthquake  to  the  foundations  themselves, 
nor  did  the  superstructure  owe  any  damage  to  inefficiency  in  those 
foundations. 

The  central  portion  of  California  was  subjected  to  a  severe  earth- 
quake in  1868,  and  has,  on  a  number  of  occasions  since,  been  slightly 
shaken  by  earthquake  shocks,  but  many  architects  and  engineers,  and 
the  people  generally,  had  become  so  accustomed  to  these  slight  move- 
ments of  the  earth's  crust  that  little  attention  was  paid  to  them,  and, 
so  far  as  the  writer  can  learn,  architects  had  believed  that  in  estab- 
lishing solid  foundations  for  high  steel  buildings,  with  good  anchor- 
age and  bracing,  adequate  to  take  care  of  extreme  w^ind  force,  they 
had  sufficiently  guarded  against  the  effects  of  any  earthquake  vibra- 
tions which  might  occur.  As  a  matter  of  fact,  the  provisions  thus 
made  seem  to  have  been  ample  and  safe  so  far  as  any  disturbance  of 
the  foundations  or  any  lack  of  support  of  the  superstructure  has 
been  detected.  Notwithstanding  the  severe  vibrations  these  tall 
buildings  have  been  called  upon  to  endure,  they  have  remained  plumb 
and  very  slightly  damaged  by  the  earthquake. 

STRUCTURAL-STI']EL    FRAMES    EXPOSED    TO    VIBRATORY    MOTION. 

As  stated  by  A.  O.  Leuschner,  secretary  of  the  California  earth- 
quake commission,  and  also  by  Professor  Omori,  the  distinguished 
seismologist  of  Japan,  the  vibratory  motion  in  Berkeley  and  in  San 
Francisco  was  approximately  8  inches  in  a  horizontal  direction  and 
about  1  inch  vertically,  the  time  of  the  first  oscillation  being  one  sec- 
ond. This  is  understood  to  l)e  the  vibration  on  verv  hard  soil  or 
solid  rock.  Where  the  soil  was  softer  and  less  coherent  the  waves 
became  longer  and  the  movement  slower. 

This  vibratory  motion  had  a  tendency  to  move  the  foundation  of 
a  high  building  and  the  basement  immediately  in  connection  with 
it  forward  and  back,  and  perhaps  to  move  some  of  its  columns  in 
opposite  directions,  although  this  is  not  certain.  At  any  rate,  it 
apparently  had  the  effect,  owing  to  the  inertia  of  the  mass  of  the 
upper  part  of  the  building,  of  bringing  a  maximum  bending  moment 
to  bear  on  the  frame  at  some  point  between  the  basement  and  the  top 
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of  the  building — to  speak  roughly,  somewhere  near  the  middle  sto- 
ries. It  also  seemed  to  have  the  effect  of  producing  a  horizontal 
shearing  stress  in  the  frame,  particularly  above  and  near  the  base- 
ment. The  frames  in  these  high  buildings  seemed  to  be  the  most 
severely  wrenched,  and  the  exterior  walls,  stairways,  linings,  etc., 
most  injuriously  cracked  in  these  middle  stories.  For  example,  the 
magnificent  eighteen-story  Call  Building  seemed  to  be  well  braced 
against  bending  moment  and  shear,  but  the  eyebars  from  the  tenth 
to  the  sixteenth  floor  and  the  transverse  wind  bracing  are  reported 
to  be  somewhat  buckled,  the  maximum  occurring  on  the  thirteenth 
floor.  The  braces  were  warped  on  all  four  sides  of  the  buildmg, 
and  there  w  as  also  probably  some  slight  distortion  of  the  steel  frame 
from  the  tenth  to  the  thirteenth  floors.  The  exterior  veneer  of  stone 
remained  practically  intact  up  to  the  tenth  floor,  above  which,  up 
to  the  sixteenth,  there  was  an  increasing  amount  of  damage,  some 
of  the  stone  being  considerably  out  of  place.  (See  also  p.  146.)  The 
same  thing  practically  can  l)e  said  of  the  new  Chronicle  Building, 
the  damage  to  the  stonework  of  which  can  be  noted  by  a  close  inspec- 
tion of  PL  XXX,  B,  The  earthquake  proved  the  absolute  neces- 
sity of  bracing  steel-frame  buildings  with  diagonal  braces,  so  far  as 
the  requirements  of  use  w^ill  allow.'  The  Mutual  Savings  Bank  and 
the  Shreve  and  Atlas  high  steel-frame  buildings  have  such  bracing 
and  remained  entirely  plumb  after  the  earthquake.  The  St.  Francis 
Hotel  and  the  Call  Building  were  somewhat  similarly  braced  and 
were  also  left  in  reasonably  good  condition. 

Some  architectural  authorities  assert  that  wind  bracing  put  in 
liberally  for  an  allowance  of  30  pounds  pressure  per  square  foot  will 
amply  care  for  earthquake  vibrations  of  an  intensity  equal  to  those  of 
April  18,  190().  Undoubtedly  many  of  the  high  steel  buildings  in 
San  Francisco  were  designed  without  reference  to  earthquakes,  but 
they  have  nobly  w^ithstood  their  effects,  and  steel  frames  have  proved 
themselves  entirely  adapted  to  earthquake  countries.  A  careful  in- 
spection of  the  high  steel  frames  in  San  Francisco  shows  that  they 
suffered  comparatively  little  injury,  and  that  this  injury  was  con- 
fined to  the  shearing  of  rivets  and  connections,  particularly  in  the 
lower  stories  and  on  the  ground  floors,  and  to  some  buckling  of 
braces. 

After  the  earthquake,  bolts  and  rivets  in  the  Union  Trust  Building 
were  fouiHl  to  be  loose,  and  some  were  sheared  oft'.  This  damage  was 
due  aj)parently  to  faulty  construction,  careless  workmanship,  and  the 
insertion  of  field  bolts,  in  some  places,  instead  of  rivets.  It  was 
shown  that  the  rivets,  connection  joints,  etc.,  in  these  steel-frame 
structures  are  of  vital  importance,  and  that  in  order  to  resist  earth- 
(juake  vibrations  they  should  be  made  as  strong  and  effective  as  pos- 
sible, particularly  at  the  basement  and  first  floor. 
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MASONRY    WALI^    AND    STONEWORK. 

The  stone  exteriors  of  all  the  high  steel-frame  buildings  were  to 
a  greater  or  less  extent  cracked  or  injured  under  the  acrtion  of  the 
earthquake.  In  some  places,  owing  probably  to  imperfect  bond  Ix?- 
tween  the  veneer  and  the  steel  frame,  the  stone  veneer  was  displaced 
and  the  walls  were  bulged  outward;  in  others,  blocks  were  thrown 
to  the  ground  and  bricks  or  an^h  stones  from  windows  and  other 
exterior  openings  were  dropped  out  of  phu^e.  This  disintegrating 
effect  had  its  maximum  in  the  intermediate  stories  between  the  top 
and  the  base  of  the  building,  a  very  good  exanij)le  lu»ing  the  Union 
Savings  Bank  in  Oakland.  This  eleven-story  steel-frame,  stone- 
veneer  structure  gave  opportunity  for  careful  and  comprehensive 
study  of  earthquake  effects  independently  of  lire,  since  it  is  really 
the  only  high  steel-frame  structure  in  the  disturbed  area  which  was 
not  subjected  to  fire.  In  this  building  the  steel  frame  is  intact  and 
uninjured,  so  far  as  can  be  ascertained.  The  marble  veneer  along 
the  stairways  and  corridors  and  the  sandstone  exterior,  particularly 
in  the  fourth,  fifth,  sixth,  and  seventh  stories,  were  somewhat  cracked 
and  disturbed,  indicating  not  only  a  Ixjnding  but  a  shearing  action ; 
and  the  brick  in  the  arches  in  some  of  the  windows  in  these  stories 
have  dropped  to  the  ground.  Otherwise  the  building  escaped  dam- 
age, and  it  has  been  continuously  in  use  since  the  earthquake. 

The  Aronson  Building,  at  Third  and  Mission  streets,  had  stone 
piers  running  from  the  bed  up  to  the  street  level.  These  were  badly 
wrenched  and  cracked  by  sheer  action,  and  in  the  ninth  story  two 
courses  of  stone  in  the  arches  above  the  soffit  course  were  badlv 
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cracked,  apparently  for  the  same  reason.  In  the  Call  Building, 
where  the  stonework  ends  at  the  sidewalk  level,  the  corner  piers  wen* 
not  found  to  be  cracked,  but  in  the  James  Flood  Building  (Pis. 
XXXIII,  fi;  XXXV,  -.:1),  where  the  stonework  extends  to  the  bottom 
of  the  basement,  the  corner  piers  were  cracked  by  earthciuake  action. 

RELLVBILTTV    OF    STRI'CTl  KAL    STEKL. 

Structural  steel  is  a  very  reliable  material.  It  is  produced  and 
also  placed  in  position  by  high-class  skilled  labor  and  is  not  subject 
to  the  flaws  which  sometimes  appear  in  concrete  work  as  a  result  of 
poor  quality  of  labor  and  inefficient  inspection.  Builders  in  this 
country  have  had  much  experience  in  the  use  of  structural  steel,  and 
feel  sure  of  what  it  will  do  and  for  what  it  stands.  It  is  no  longer 
in  the  experimental  stage  as  to  resistance  either  to  earthquake 
tremors  or,  when  properly  fireproofcd,  to  conflagration.  (\)nstruc- 
tors  in  San  Francisco  feel  that  this  material  has  safely  and  trium- 
phantly passed  througli  a  most  trying  ordeal. 
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EFFECTS  OF  THE  FIRE. 
BUILDINGS. 

Structural  steel  in  the  steel-frame  buildings  subjected  to  the  ter- 
rific heat  of  the  great  conflagi'ation  behaved  satisfactorily  wherever 
it  was  properly  and  amply  protected  by  any  method  adopted  for 
fireproofing.  In  no  instance  that  has  come  under  the  observation  of 
the  writer  has  the  steel  been  injured  or  deformed  where  such  fire- 
proofing  was  of  the  proper  kind  and  remained  intact  after  the  earth- 
quake. Unfortunately,  in  many  places  there  was  practically  no  fire- 
proofing  whatever,  or  it  was  very  poor  in  design  or  workmanship, 
or  both,  and  as  a  consequence  failed  miserably.  Columns  were  soft- 
ened and  buckled.  (Jirders  w(Te  softened  to  such  a  degree  that  they 
sank  by  their  own  weight,  some  pulling  after  them  the  walls  into 
which  they  were  built,  others  falling  into  the  fiery  furnace  below, 
as  in  the  Cowell  Building  (PL  LT,  B)^  where  the  fireproofing  either 
was  lacking  or  proved  defective  in  the  fire.  In  such  places  the  col- 
umns were  buckled  and  some  of  them  telescoped,  thus  removing  all 
support  for  the  floors  above.  In  other  buildings  where  the  fireproof- 
ing was  fairly  good  and  effective,  as  in  the  James  Flood  and  the 
Call  buildings,  the  structure  remained  ready  for  rehabilitation. 
Although  all  the  steel  girders  or  columns  that  were  subjected  to 
intense  heat  on  account  of  lack  of  fire])roofing  did  not  fall,  yet  many 
of  them  wore  rendered  unfit  for  further  use. 

Prominent  among  the  steel  structures  was  the  eighteen-story  Call 
Building,  with  dome  and  lantern,  the  architectural  pride  of  the 
city.  This  building  took  fire  through  a  tunnel  leading  from  the 
power  house  in  the  rear  of  the  building,  across  Stevenson  street.  The 
fire  was  drawn  in  by  the  draft  up  the  18  stories  of  the  elevator  shaft, 
which  acted  like  an  enormous  chiuiney,  the  flames  being  sucked  up 
to  the  toj)most  story  with  gi*eat  force  and  rapidity.  The  heat,  of 
course,  became  intense,  and  all  combustible  matter  on  the  interior 
of  the  building  was  quickly  consumed,  but  the  fireproofing,  although 
not  perfect  in  design  and  execution,  so  fai*  pi'otected  the  steel  frame 
that  it  remained  only  sliirhtlv  dauiajred  and  readv  for  refittin<i:.  The 
marble  lining  of  the  walls  and  corridors,  and  the  glass  in  the  exterior 
and  interior  windows,  were  all  destroyed,  and  the  metal  trinnnings 
were  to  a  considerable  extent  melted  or  ruined.  But  the  steel  frame 
and  stone  exterior,  with  the  exception  of  that  on  some  of  the  middle 
stories,  remains  little  injured,  and  parts  of  the  building  are  contin- 
uously in  use. 

In  the  sam(»  way  the  James  Flood  Building,  one  of  the  newest  and 
largest  steel-frame  structures,  excellent  in  design  and  first-class  in 
workmanshij),  was  fairly  well  lireproofed ;  and  although  gutted  by 
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the  fire,  it  is  being  rapidly  refitted  for  store  and  oflSce  occupation. 
The  Western  Pacific  Bank  reoccupied  its  old  quarters  on  the  first 
floor  of  this  building  almost  immediately  after  the  fire. 

FIREPROOFING. 
OEITERAL  OOVSmOKS. 

It  can  be  truthfully  stated  that  perfect  fireproofing  of  buildings 
in  San  Francisco,  even  in  those  of  the  newest  and  most  modern 
type,  was  the  exception  and  not  the  rule.  The  bent  or  broken 
columns  and  the  distorted  or  disfigured  steel  girders  in  many  of 
the  burned  buildings  demonstrate  this  fact  (PL  XXVII,  B). 
AVherever  structural-steel  framework  was  covered  with  fireproofing 
material  of  the  best  design,  executed  with  conscientious,  skillful 
workmanship,  the  steel  remained  uninjured  after  the  fire. 

The  lessons  taught  by  the  great  Chicago  and  Baltimore  fires  had 
been  applied  by  but  few  of  the  architects  of  San  Francisco,  on 
account  of  cost  restrictions  insisted  on  by  owners,  and  very  much 
of  the  damage  inflicted  on  these  high-class  structures  during  the 
conflagration  is  directly  traceable  to  the  imperfect  fireproofing  put 
in,  or  to  the  entire  absence  of  fireproofing.  Some  of  the  failures  were 
evidently  and  directly  attributable  to  poor  workmanship. 

COKCRETE. 

There  are  two  opposing  parties  in  the  matter  of  fireproofing  in 
San  Francisco — those  who  have  favored  the  hollow-tile  system, 
and  those  who  believe  in  concrete  as  the  best  fireproofing  material. 
The  Bekins  Van  and  Storage  Company's  warehouse,  the  only  build- 
ing of  considerable  size  in  the  city  constructed  of  reenforced  con- 
crete, has  already  been  mentioned  as  resisting  the  action  of  the  earth- 
quake and  fire.  In  this  building  the  concrete  acted  as  a  perfect 
fireproofing  protection  for  the  steel. 

Good  Portland-cement  concrete  has  won  a  triumph  for  itself  in 
fireproofing  in  San  Francisco,  for  wherever  well  made  and  properly 
laid  upon  the  steel  girders  or  columns,  it  protected  the  metal.  In 
very  hot  fires  the  exterior  portions  w^ere  disintegrated,  and  in  some 
places  the  whole  mass  was  cracked,  necessitating  removal,  but  the  fire- 
proofing it  furnished  during  the  conflagration  was  excellent.  P^xami- 
nation  showed  also  that  it  protected  well  against  rust.  The  heat  to 
which  it  was  subjected  was  very  great,  in  places  common  mortar 
being  fused  and  ironw^ork  in  walls  melted. 

The  steel  beams  and  girders  in  the  St.  Francis  Hotel,  the  Mer- 
chants' Exchange,  the  Mutual  Savings  Bank,  and  other  similar 
structures  that  were  thoroughly  fireproofod  with  concrete  endured 
the  fire  exceedingly  well. 
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The  weight  of  Portland-cement  concrete  is  a  drawback,  and, 
moreover,  concrete  is  expensive  when  well  made  and  applied.  Cinder 
concrete  was  well  esteemed  for  fireproofing  for  floors,  but  the  scarcity 
of  good  cinders  in  the  city  rendered  its  general  employment  imprac- 
ticable. 

TERRA  OOTTA 

As  fireproofing  for  floors  terra-cotta  tiling  has  not  given  universal 
satisfaction.  It  is  lighter  than  concrete,  but  the  wrenching  of  build- 
ings during  the  earthquake  opened  many  of  the  joints  and  the  mor- 
tar was  destroyed — as  in  the  Mills  Building,  a  large  ten-story  steel- 
frame  structure  of  the  older  type,  having  self-supporting  walls.  The 
mortar  joints  in  the  tiling  w^ere  started  by  the  earthquake,  and  the 
mortar  was  disintegrated  by  the  fire,  the  floors  being  destroyed  and 
the  lower  surfaces  of  the  tiling  badly  spalled.  The  same  effect  was 
noticeable  to  a  certain  extent  in  the  excellent  Union  Trust,  Crocker, 
and  James  Flood  buildings.  In  the  last  named  the  flooring  was  fire- 
proofed  with  terracotta  arched  tiles,  covered  with  concrete  on  top 
and  finished  beneath  by  an  efficient  ceiling  plastered  on  wire  lath. 
The  fireproofing  w^as  less  injured  in  this  building  than  in  almost 
anv  other. 

Terra-cotta  fireproofing  of  columns  was  in  many  buildings  a  fail- 
ure, not  so  much  on  account  of  the  nature  of  the  material  as  because 
of  its  insufficiency  in  quantity  and  poor  or  imperfect  method  of  appli- 
cation. Wooden  studs  were  in  many  places  put  behind  the  terra 
cotta.  These  burned  out  quickly,  leaving  the  material  unsupported. 
Pipes  and  wires  were  run  up  between  the  column  and  the  fireproof- 
ing. and  the  twisting  or  expansion  of  the  pipes  caused  by  the  earth- 
quake movement  broke  the  protecting  cover.  Imperfect  junctions 
with  ('(filings  above  or  floors  beneath  were  common.  That  such  imper- 
fect construction  should  never  be  adopted  has  been  fidly  demonstrated 
in  San  Francisco. 

Poi-ous  terra  cotta  has  been  found  more  satisfactory  than  the  hard 
and  *rlazed  varieti(»s.  For  inclosing  columns,  the  round  porous  forms 
have  ])r()ve(l  more  stable  and  efficient  than  the  rectangidar  ones,  as 
shown  in  the  Spring  Vallev  Water  Companv's  building  (PL  XLV, 
.1)  and  the  Aronson  Building  (PL  XXVII, 'z?). 

PLASTER  ASD  METAL  WORK. 

Common  plaster  on  wire  niesli,  metal  Lath,  or  expanded  metal  was 
very  generally  used  for  the  fireproofing  of  columns,  partitions,  and 
the  like,  on  account  of  its  cheapness,  but  was  a  failure  when  subjected 
to  a  hot  fire,  as  ])roved  in  the  Hotel  Fairmount  (PL  XXXIV),  the 
Ilotc^l  Hamilton,  and  several  other  buildings.  This  failure  was  much 
more  noticeable  where  only  a  single  wTapping  or  thickness  of  the  wire 
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mesh,  etc.,  was  used  than  with  the  double  wrapping.  But  even  the 
latter  proved  to  be  too  weak  and  disintegrable  to  pass  successfully 
through  a  severe  earthquake  or  a  fire  and  a  strong  stream  of  water 
from  a  fire  hose.  The  plaster  quickly  cracks  and  falls  away  from  the 
metal.  No  doubt  these  materials  will  be  used  in  the  future  by  owners 
demanding  cheapness  of  construction,  but  they  will  satisfy  the 
requirements  only  in  cases  of  mild  exposure.  Good  gravel  concrete 
in  place  of  the  plaster,  if  of  considerable  thickness,  has  been  found  to 
give  better  results. 

The  failure  of  the  plaster  and  metal  method  and  some  other  meth- 
ods of  fireproofing  in  San  Francisco  is  directly  traceable  to  the 
commands  of  owners  to  their  architects  to  cheapen  as  far  as  practi- 
cable the  fireproofing  and  the  construction  generally,  in  order  to 
receive  greater  interest  on  their  investments.  Much  of  this  cheapen- 
ing has  been  done  in  spite  of  the  protests  of  the  designer,  and  it  is 
in  an  entirely  wrong  direction;  for  rates  of  insurance  are  largely 
reduced  with  improvements  in  fireproofing,  and  as  the  cost  of  the 
steel  frame  and  its  proper  fireproofing  seldom  exceeds  27  per  cent 
of  the  cost  of  the  building,  it  seems  wise  to  protect  the  other  73 
per  cent  with  adequate  materials. 

BBIGKWOSK. 

In  some  buildings  in  San  Francisco,  brick  laid  in  rich  Portland- 
cement  mortar  has  been  found  to  be  an  excellent  fireproof  covering; 
but  it  is  objectionable  on  account  of  the  bulkiness  of  the  brick  and 
the  rusting  of  the  steel,  as  in  basement  stories.  Good  brick  withstood 
the  severe  fire  well,  and  where  laid  in  rich  cement  afforded  a  strong 
fireproof  wall  or  pier.  At  least  4  inches  of  brickwork  was  found 
necessary,  and  a  layer  of  concrete  3  inches  in  thickness  between  that 
and  the  steel  was  a  great  improvement  and  served  well  to  protect 
the  steel  from  rust.  But  this  method  will  probably  not  be  followed 
in  general,  on  account  of  weight,  bulk,  and  expense.  Hollow  brick 
and  tiling  were  eflScient  also  when  properly  and  liberally  used,  porous 
tiles  proving  to  be  the  better.  ^ 

The  well-known  Palace  Hotel  was  built  about  thirty  years  ago, 
a  few  years  after  the  earthquake  of  1868,  and  before  the  introduction 
of  steel-frame  structures  and  concrete  steel.  It  was  intended  to  be 
earthquake  proof  as  well  as  fireproof,  and  was  built  with  very  heavy 
walls  of  brick,  most  of  them  being  2  feet  or  more  in  thickness,  laid 
in  cement  mortar,  and  strongly  braced  by  many  cross  and  partition 
walls.  In  the  brickwork,  at  every  3  or  4  feet  in  height,  were  laid 
bands  of  iron,  riveted  together  at  their  ends  and  crossings.  This 
building,  although  of  the  old  type,  successfully  endured  the  great 
earthquake,  its  walls  being  practically  uninjured  (PI,  XXX,  B) ; 
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and  although  gutted  by  the  fire,  Avhich  gained  access  through  the 
unprotected  windows  and  wooden  casings,  was  so  strong  on  its 
foundations  that  very  vigorous  bhisting  operations  were  required  to 
throw  down  its  walls. 

RT:KX1  OBCKD  CONCRETK. 

There  was  in  San  Francisco  at  the  time  of  the  earthquake  only  one 
building  of  considerable  size  constructed  of  reenforced  concrete. 
This  fact  was  due  to  the  opposition  of  certain  labor  unions  to  the  use 
of  this  nuiterial  in  place  of  brick  and  stone. 

The  building  ivferred  to  is  that  of  the  Bekins  Van  and  Storage 
(Company,  at  100  West  Mission  street  (PL  XXVII,  ^1).  This  build- 
ing had  outside  walls  of  J)rick,  but  was  massively  constructed  on  the 
interior  wuth  columns,  beams,  and  floors  of  reenforced  concrete.  It 
was  originally  intended  to  carry  it  to  a  height  of  four  stories,  but  on 
account  of  the  earthquake,  which  occurred  during  construction,  the 
building  was  finished  to  include  only  the  second  story.  At  the  time 
of  the  fire  the  permanent  doors  of  iron  were  not  in  place,  and  the 
fire  gained  access  to  the  front  or  south  room,  where  verj'  slight  dam- 
age was  inflicted.  The  entire  main  interior  and  the  goods  stored 
therein  were  unharmed,  and  the  building  has  l)een  in  continuous 
use  since  crompletion.  The  brick  building  adjoining,  however,  was 
badly  injured  l)y  the  earthquake  and  was  afterwards  burned. 

LKSSOXS  FROM    TlIK    >  AKIOUS  TYI'ES  OF  BUIIiDINGS. 

(ireat  destructive  earthquakes  have  seldom  occurred  twice  in  the 
same  locality  during  centuries  of  time,  but,  so  far  as  man  knows,  one 
mav  occur  at  anv  time  anvwhere  on  the  earth's  surface.  On  the 
other  Iiand,  destructive  conflagrations  in  cities  have  happened  many 
times,  but  most  of  them  might  have  l)een  avoided  by  wise  and  ade- 
quate provision  for  fire  prevention,  protection,  and  extinguishment. 

In  San  Francisco  tlie  earthquake  could  not  have  been  averted,  but 
its  disastrous  effects  on  structures  could  have  been  prevented  by  the 
use  of  proper  materials  correctly  applied  in  the  execution  of  skillful 
and  scientific  designs,  carried  out  by  good  conscientious  workmen 
under  honest  and  able  supervision.  The  city's  official  inspection  has 
iisuallv  been  verv  inefficient. 

Th(»  buildings  in  California  that  were  ruined  or  badly  injured  by 
the  h\A  earthcpiake  may  lx»  divided  into  four  classes: 

Th(^  first  class  comprises  buildings  of  a  public  character,  such  as 
citv  hnlls  (PI.  XXXT),  court-houses  (IM.  XXXIX,  A)^  asylums, 
public  schoolhouses,  etc..  which  were  badly  desibned  and  constructed 
or  for  the  construction  of  which  insufficient  funds  had  been  voted,  so 
that  the  material.-  aiid  VNorknianAip.  under  imperfect  inspeclion,  or 
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worse,  were  of  very  poor  quality.  In  contrast  to  such  construction 
were  the  United  States  Government  buildings — the  mint  and  the 
appraisers'  (or  customs)  building  (PL  XXVIII,  A),  in  San  Fran- 
cisco, and  the  post-oflBce  building  in  Oakland — all  of  which  were 
either  entirely  uninjured  or  very  slightly  injured  by  the  earthquake. 
These  buildings  were  well  designed  and  constructed  with  the  best 
materials  and  workmanship,  upon  foundations  that  had  been  tested 
and  found  strong  and  satisfactory.  The  results  to  both  of  these 
classes  of  buildings  were  fully  to  be  expect^ed. 

As  a  second  class  of  buildings  that  suffered  badly  may  l)e  gi-ouped 
those  of  the  oldest  type  of  wooden  structure  in  San  Francisco,  lightly 
resting  upon  slim  wooden  underpinning,  which  stood  upon  soft  and 
unstable  soil  or  loose,  unconsolidated  sand.  Such  houses  went  down 
at  the  first  shock,  as  one  would  naturally  expect.  In  contrast  to  these 
flimsy  structures  are  the  thousands  of  more  substantially  constructed 
wooden  buildings  that  still  stand  intact,  except  as  to  chimneys  and 
some  plastering,  all  over  the  unbumed  part  of  the  city.  These 
structures  were  built  fairly  well  and  upon  stable  foundations;  and 
the  writer  believes  from  his  personal  observation  that  no  well- 
founded  and  well-constructed  building  of  wood  in  San  Francisco 
was  injured  to  a  greater  degree  than  those,  just  mentioned.  In  a 
country  subject  to  earthquakes  a  strongly  framed  and  well-founded 
wooden  house,  not  exceeding  three  stories  in  height,  with  nondisin- 
tegrating  plaster  and  finish,  light  tile  chimneys,  and  ample  fire  pre- 
vention and  protection,  would  seem  to  be  the  ideal  type  of  residence 
structure. 

Experience  shows  that  buildings  constructed  with  exterior  brick 
walls  laid  in  common  mortar,  with  timber  columns  and  girders,  tied 
and  braced  little  or  not  at  all,  constitute  a  third  class  of  buildings 
which  are  nonresistant  to  a  severe  earthquake,  particularly  if  they 
are  erected  upon  a  poor  foundation.  Even  if  the  girders  and  columns 
are  of  metal,  they  are  pulled  apart,  and  the  walls  fall  inward  or  out- 
ward during  the  shock.  Only  rich  Portland  cement,  laid  with  wetted 
brick,  and  strong  joists,  ties,  and  anchorage,  endured  the  stress. 

The  behavior  of  the  high  steel-frame  office  buildings,  which  con- 
stitute the  fourth  class,  has  shown  that  in  order  to  resist  perfectly 
the  bending  moments  and  shears  induced  by  the  swaying  due  to  the 
earthquake  movement,  such  buildings  should  l>e  stiffened  in  their 
joints  and  connections  by  the  best  riveting  combinations,  and  knee  and 
other  bracing,  particularly  at  or  near  the  ground  floor.  This  require- 
ment is  of  the  utmost  importance,  and  so  also  is  the  one  that  the  sway- 
ing referred  to  should  be  diminished  by  the  liberal  introduction  of 
diagonal  and  wind  bracing  throughout.  The  proper  bracing  in  the 
lower  stories  has  in  some  buildings  been  omitted,  on  the  demand  of 
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owner  or  lassee,  to  afford  more  glass  or  light  space,  but  such  design 
has  a  weakening  effect,  and  should  be  discouraged.  The  Marston 
Building,  on  Kearney  street,  is  an  object  lesson  in  this  respect.  On 
the  other  hand,  the  Whittell  Building,  on  Geary  street,  near  Union 
square,  is  commended  for  its  deep  plate  girders  and  heavy  steel 
generally.  It  stood  well,  and  no  rivets  were  sheared.  Columns, 
exterior  and  interior,  in  steel-frame  buildings,  should  in  future  be 
put  in  more  liberally  on  the  first  and  second  stories,  and  the  strongest 
joints  and  connections  should  be  adopted  in  order  to  resist  the  bend- 
ing and  shearing.  These  improvements  will  greatly  stiffen  the  steel 
frame,  and  prevent  the  (tracking  of  the  walls.  The  Kohl  Building, 
thus  stiffened  by  lattice  girders  on  all  floors,  was  uninjured  in  its 
exterior  stonework  and  brickwork,  although  built  upon  the  edge  of  the 
made  ground  along  the  old  shore  line.  With  such  strengthening  the 
high  steel  structures  will  safely  endure  an  earthquake  of  even  greater 
severity  than  that  of  April  18,  11)00.  This  kind  of  building  has 
proved  its  worth  and  reliability,  and  minor  improvements,  as  advo- 
cated, will  produce  an  enduring  structure. 

In  a  fifth  class  are  to  be  placed,  but  not  as  failures,  concrete  and 
reen  forced -concrete  structures.  These  have  become  popular  with  a 
large  number  of  designers  in  San  Francisco,  on  account  of  the 
strength  claimed  for  them,  and  on  account  of  the  indestructibility, 
facility  of  construction,  and  fire  and  rust  protection  that  their 
materials  afford.  Unfortunately  for  San  Francisco,  there  were  very 
few  structures  of  concn^te  or  reenforced  concrete  in  the  city  at  the  time 
of  her  great  trial;  but  these  few  behaved  well  during  both  the  earth- 
quake and  the  resulting  fire.  Thc^refore,  although  such  structures 
are  admittedly  new  and  comparatively  experimental  on  the  Pacific 
coast,  the  confidence  reposed  in  them  has  already  led  to  the  designing 
and  construction  of  a  number  of  large  buildings  of  this  type  for 
public  or  business  purposes.  At  i)resent  the  sentiment  is  to  limit 
them  to  a  heiirht  of  six  or  eight  stories,  on  account  of  their  experi- 
mental character  and  !)ecause  of  lh(»  fear  that  greater  height  would 
permit  a  reversal  of  stress,  due  to  earthqunke  and  wind  force  in  their 
reen  forced  girders.  It  is  agnnHJ  that  th(^  columns  should  be  reen- 
forced  with  steel  and  braccnl  together  wherever  possible;  that  the 
girders  should  be  similarly  reinforced  for  tension  and  shear,  and 
made,  so  far  as  ])ractical)]e,  continuous  over  the  cohnnns;  and  also 
that  the  joints  and  connections  sliould  be  strongly  stiffened  and  the 
curtain  walls  strengthened  by  a  reenforcement. 

Mill  construction  with  brick  will  undoubtediv  be  utilized  in  manv 
buildings  for  a  considerable*  time  to  come,  but  the  lesson  has  been 
taught  that  the  nuiterials  used  should  be  first-class  pressed  brick,  well 
wetted,  and  cement  mortar,  and  that  all  parts  should  be  thoroughly 
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tiea  and  anchored  together.  San  Francisco's  experience  has  proved 
that  this  rule  is  a  most  important  one  to  follow  in  all  brick  and  stone 
construction,  and  its  neglect  in  the  past  has  resulted  in  much  loss  and 
ruin. 

FIRE-FIGHTING   APPARATUS    AIS^D    FIRE-RE8I8TING 

MATERIAI^S. 

The  damage  inflicted  on  San  Francisco  from  the  direct  and  imme- 
diate effects  of  the  earthquake  was  relatively  small,  being  estimated 
at  only  3  to  10  per  cent  of  the  total  loss ;  but  a  subsequent  and  indirect 
effect  was  to  paralyze  the  water  supply  and  its  distributing  system, 
start  a  great  conflagration  and  render  impossible  its  extinguishment 
with  the  means  at  hand,  cause  the  death  of  at  least  GOO  human  beings, 
burn  approximately  $500,000,000  worth  of  property,  render  home- 
less and  miserable  200,000  people,  and  inflict  remoter  damages  to 
business,  commerce,  and  labor,  only  to  be  estimated  in  the  future. 
Inasmuch  as  it  can  be  plainly  seen,  by  looking  backward,  that  nearly 
all  of  this  destruction  and  suffering  might  have  been  prevented  by 
wise  foresight  and  provision,  it  is  felt  that  a  warning  should  be  sent 
to  all  the  cities  in  the  world.  Any  city  that  disregards  this  warning 
will  be  guilty  of  a  great  crime. 

San  Francisco  should  have  had  separate  and  ample  water  mains 
entering  the  city  on  several  independent  lines  from  different  sources 
of  supply,  and  numerous  distributing  reservoirs  on  the  hills  in  vari- 
ous parts  of  the  city,  always  well  filled,  independent  and  yet  with  a 
distributing  system  meshing  the  entire  area,  with  its  pipes  so  joined 
or  valved  that  they  could  be  separated  or  united  as  desired.  There 
should  have  been  in  that  city,  almost  surrounded  by  salt  water,  a 
separate  system  of  flexible  salt-water  mains  for  fire  and  sewer  pur- 
poses, and  numerous  large  cisterns  in  her  streets,  laid  in  rcenforced 
concrete,  with  somewhat  flexible  lining  and  pipes.  These  cisterns, 
only  a  few  blocks  apart,  should  have  been  filled  at  all  times  with  salt 
water.  There  should  have  been  manv  wide  streets — like  Van  Ness 
avenue,  where  the  fire  was  finally  checked — and  many  large  squares, 
the  city  being  thus  divided  into  numerous  fire  districts.  The  fire 
department  should  have  included  a  dynamiting  corps  of  experienced 
fire  fighters,  and  a  numl>er  of  fire  boats  always  rea*dy  along  the  water 
front  and  among  the  shipping.  None  of  these  things  did  San  Fran- 
cisco have.  With  these  means  availal)le,  probably  this  story  of  the 
greatest  fire  in  history  would  never  have  been  written. 

Of  a  building's  entire  fire  risk,  that  from  fire  within  the  building 
is  estimated,  on  the  average,  at  40  per  cent,  the  other  00  per  cent  of 
the  risk  being  from  exterior  fires.     This  risk  for  interior  fires  should 
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be  reduced  to  a  minimum  by  ample  provision  for  fire  prevention. 
As  far  as  practicable,  combustible  material  should  be  eliminated. 
Several  of  the  fine  so-called  fireproof  buildings  in  San  Francisco*  were 
injured  chiefly  by  the  burning  of  their  wooden  trim,  floors,  doors, 
office  furniture,  papers,  books,  carpets,  rugs,  etc.  Wooden  floors  have 
proved  to  be  dangerous  and  objectionable;  but  in  some  places  non- 
combustible  wood  may  be  used  for  them  and  for  the  interior  trim, 
as,  for  example,  where  the  heat  could  never  be  very  great.  Metal 
trim,  doors,  windows,  sash,  and  casings,  together  with  plate  glass,  or, 
better,  wire  glass,  may  confine  a  fire  to  a  single  room,  preventing  a 
general  combustion.  Adequate  fire-extinguishing  apparatus — such  as 
fire  hose,  always  connected  with  good  water  pressure,  wells  with  auto- 
matic pumps,  and  tanks  in  the  basement  or  upon  the  roof,  with  pipe 
connections — was  lacking  in  nearly  all  of  San  Francisco's  buildings, 
even  in  those  of  the  highest  class.  In  the  California  Electric  Com- 
pany's building  the  standpipes,  with  attached  hose,  the  well,  pump, 
and  tank  in  the  basement,  and  the  roof  tank,  together  with  the  metal 
sash  and  the  wire-glass  windows,  proved  the  value  of  such  a  private 
system,  saving  that  property  from  the  hot  fire  around  it,  though 
every  adjacent  structure  was  burned.  As  this  building  was  not  fire- 
proof, the  value  of  the  fire-extinguishing  system  can  be  well  under- 
stood, and  had  all  the  large  establishments  been  equally  well  equipped 
the  conflagration  would  have  been  quickly  checked  and  a  vast  amount 
of  property  saved.  Automatic  sprinklers  connected  with  the  above- 
mentioned  plant  will  afi'ord  excellent  fire  protection  within  and  will 
greatly  reduce  insurance  rates. 

While  the  fire  danger  from  exterior  fires  to  a  given  building  is 
ordinarily  estimated  at  OO  per  cent,  this  risk  practically  becomes  100 
per  cent,  of  course,  in  a  great  conflagration.  In  San  Francisco  little 
protection  from  exterior  fires  had  been  adopted.  There  were  few 
metal  shutters  or  steel  roller  shutters,  and  most  of  those  were  of 
imperfect  design,  proving  unsatisfactory  when  tested.  The  open- 
ings in  walls  were  fatal  j^oints  of  weakness  in  all  the  great  buildings. 
Wire-glass  windows,  though  few  in  number,  behaved  w^ell,  but 
wooden  instead  of  metal  sashes  were  great  sources  of  fiery  contagion. 
Metal  covering  over  wooden  doors  and  window  frames  was  generally 
inollicient.  Ordinary  glass  was  (|uickly  cracked  by  heat  from  the 
ext(»ri()r;  the  sashes  took  fire  and  the  flames  rushed  in  through  the 
o]>enings,  consuming  all  combustible  material  within.  Many  of  the 
host  l)uildings  were  gutted  in  this  manner.  Had  they  been  furnished 
with  metallic  shutters  of  the  best  design,  with  wire  glass  in  metal 
sashes,  and  with  cornice  and  other  exterior  sprinklers,  supplied  by  a 
private  water  plant,  they  certainly  might  have  been  saved.  Thus 
the  employees  of  the  United  States  mint  (PL  XXXVIII),  with  a 
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scanty  private  supply  of  water,  made  a  desperate  and  gallant  fight 
from  the  roof  of  the  building  and  within,  and  saved  it,  little  injured. 

As  most  metallic  shutters  rapidly  deteriorate  with  time,  rust,  and 
weather,  and  often  become  jammed  so  that  they  will  not  close,  many 
architects  prefer  wire  glass  in  hollow  metallic  sash  and  wundow 
sprinklers.     This  combination  has  proved  effective. 

San  Francisco's  experience  indicates  that  wells  and  elevator  shafts, 
running  up  through  many  stories,  should  l>e  guarded  by  brick  or 
reenforced-concrete  w^alls,  fitted  with  double  metal  rolling  doors, 
bolted  to  the  walls  to  allow  for  expansion,  or  with  automatic  sliding 
doors  and  wire-glass  partitions.  There  was  little  or  no  provision 
for  cutting  off  the  draft  of  air  that  will  ascend  through  such  a  shaft 
during  a  fire,  and  great  destruction  resulted  in  consequence.  The 
Call  Building  took  fire  from  the  power  house  l)ehind  it,  on  the  other 
side  of  Stevenson  street,  the  heat  being  drawn  through  the  tunnel  to 
the  elevator  shaft,  up  which  it  rushed  with  the  fierce  draft  given  by 
the  18  stories,  breaking  glass  and  burning  doors,  furniture,  trim- 
mings, and  office  contents.  The  Telephone  Building,  on  Bush  street 
(PI.  XLI,  ^1),  met  a  similar  fate,  being  consumed  from  within.  This 
new  structure  was  claimed  to  have  the  best  fire  protection  in  the  city. 

The  importance  and  value  of  real  protection  will  be  appreciated 
when  it  is  stated  that  a  third-class  building  with  a  complete  fire- 
prevention  plant  is  insured  for  less  than  a  first-class  one  that  does 
not  have  it.  This  fact  should  be  understood  by  all  owners.  More- 
over, all  parts  of  an  establishment  should  be  equally  protected,  for 
the  fire  may  begin  anywhere.  The  new  Telephone  Building  was 
burned  owing  to  the  nonobservance  of  this  rule,  catching  fire  through 
the  unprotected  w^ooden  back  door  of  the  basement.  The  structure 
was  fitted  with  "  tin-clad  shutters  "  and  wire  glass  on  the  side  and 
rear  openings  and  with  steel  rolling  shutters  in  front.  The  fire  broke 
through  the  rear  wooden  door  into  two  well  shafts  and  a  corridor 
and,  rushing  upw^ard,  consumed  every  floor.  The  building  was 
destroyed  by  a  fire  that  entered  through  a  single  unprotected  open- 
ing. The  tin-clad  shutters  were  destroyed  and  much  of  the  wire 
glass  was  melted  or  broken  by  the  hot  fire.  The  rolling  shutters  in 
front  still  hung,  but  were  bent  so  that  the  windows  were  exposed. 

Concrete  floors  with  motallic-mesh  reenforcement  are  strongly 
recommended  for  strength  and  fireproof  character.  Xoncombustible 
wooden  floors,  doors,  and  trim  were  installed  in  a  few  buildings,  and 
under  ordinary  conditions  would  probably  have  limited  the  destruc- 
tion to  "  one-room  fires,"  but  the  heat  was  so  high,  and  in  general 
the  bulk  of  papers,  books,  and  furniture  so  great,  that  all  were 
consumed.  A  noninflammable  substitute  for  woodwork  and  trim 
generally  is  greatly  to  be  desired. 
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Double  windows  of  wire  glass  in  hollow  metallic  frames  are  recom- 
mended, or  where  such  material  would  be  objectionable  by  cutting 
off  the  view,  double  plate  glass  is  considered  next  best  Interior 
doors  should  be  of  metal,  or  at  any  rate  metal  covered,  in  fireproof 
buildings,  and  the  light  for  corridors  and  halls  should  come  through 
wire  glass.  As  the  installation  of  wire  glaas,  metallic  rolling  shut- 
ters, and  metal  sash  involves  only  a  small  percentage  of  the  cost  of 
the  building,  and  as  these  materials  have  proved  to  be  of  such  excel- 
lent service  as  fire  protection  when  of  the  best  quality  and  workman- 
ship, a  wise  economy  demands  their  use  in  every  important  fireproof 
building. 

Capitalists  and  owners  must  understand  that  perfect  fire  protection 
for  structural  steel  is  necessarily  expensive.  Any  so-called  fireproof- 
ing  that  is  cheap  and  flimsy  is  a  delusion  and  will  not  serve.  The 
application  of  an  effective. method  insures  permanence  of  the  struc- 
ture and  at  the  same  time  greatly  reduces  the  rates  of  insurance. 
Steel  columns  may  l)e  well  firej^roofed  by  surrounding  them  with  the 
best  quality  of  stone  or  cinder  concrete  4  inches  in  thickness,  or  by 
3  inches  of  either  when  hollow  tiling  is  put  on  the  exterior. 

A  3-inch  porous  terra-cotta  tiling,  wrapped  on  the  outside  with 
wire,  and  with  metal  mesh  used  around  the  bed  course  of  the  column, 
has  proved  efficient.  The  mortar  of  the  tiles  should  contain  a  large 
proportion  of  cement,  and  the  tiles  should  be  strongly  anchored  to  the 
columns  to  prevent  their  falling  away  in  earthquake  or  fire  and  so 
leaving  the  steel  ex])()se(l. 

In  the  great  fire,  decorations,  trim,  inflammable  oil  paints  and 
varnishes,  in  office  buildings,  aided  materially  in  spreading  the  flames. 
A  noninflaniniable  water-color  j)aint  that  will  endure  washing  has 
Ix^en  recommended. 

Fire  walls  of  brick,  extending  alx)ve  the  roofs  of  buildings,  were 
effective  in  resisting  the  spread  of  the  fire;  but  the  support  derived 
from  metal  hands  and  anchors  was  neglected  in  many  such  walls, 
as  in  nnu'li  other  masonry  in  San  Francisco;  a  large  number  of  them 
fell,  therefore,  during  both  the  earthquake  and  the  fire,  particularly 
those  laid  in  connnon  mortar.  This  was  also  a  common  fate  of 
unsupported  gables  and  towers.  Walls  that  were  well  anchored,  as 
in  the  T'nion  Trust  Building,  remained  in  perfect  condition. 

Cast-iron  columns  in  some  buildings  endured  the  earthquake  and 
the  Hn»  fairlv  well,  but  undonbtedlv  would  have  been  broken  or 
^hatte^'(l  had  cold  wat(»r  bi^en  thrown  upon  them  in  the  midst  of  the 
great  heat.  They  should  no  longer  1h»  used,  for  at  present  they  cost 
more  than  ste<»l  for  an  equal  factor  of  safety,  and  their  connections 
are  clumsv  and  weak. 

Structures  made  of  concrete  blocks  were  as  a  rule  greatly  damaged 
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or  even  ruined  by  the  earthquake,  owing  to  imperfect  anchorage  and 
faihire  to  cohere  at  their  joints  (PI.  XVII,  ^4). 

Granite,  sandstone,  and  marble  were  badly  cracked  and  spalled  by 
the  fire,  much  of  the  marble  crumbling  to  powder.  The  granite  piers 
in  the  front  of  the  Hobart  Building  were  nearly  all  chipped  away, 
and  they  are  now  reenforced  by  new  temporary  supports. 

Chemical  fire  extinguishers  were  effectively  used  immediately  after 
the  earthquake  in  some  of  the  uptown  residences,  thereby  preventing 
an  increase  in  the  number  of  fire  centers  at  the  beginning  of  the 
conflagration.  It  is  possible  that  numerous  chemical  engines  and 
locally  installed  chemical  extinguishing  j^lants  in  the  downtown  dis- 
tricts might  have  greatly  limited  the  spread  of  the  flames,  despite 
the  dearth  of  water. 

FINAIi  CONCIiUSIONS. 

EARTHQUAKE  PROTECTION. 

A  proper  foundation,  stable  and  firm,  is  of  vital  importance, 
and  particularly  on  soft,  marshy,  or  made  ground  (Pis.  XLTII,  B ; 
XLIV,  A),  Anchoring,  bonding,  and  tying  should  be  practiced 
wdth  exactness  in  all  masonry.  Steel  framing  should  be  made  heavier 
rather  than  lighter,  and  joints,  connections,  bracing,  and  flooring 
should  be  strongly  united.  Girders  and  columns  should  be  made 
very  stiff  and,  where  practicable,  continuous. 

FIRE  PROTECTION. 

The  lessons  taught  by  the  great  fires  of  Boston,  Chicago,  and  Bal- 
timore have  been  verified  by  San  Francisco's  experience. 

Fireproofing  should  be  of  the  most  perfect  type,  and  no  reasonable, 
expense  should  be  spared  in  its  installation. 

Roofs,  roof  appurtenances,  and  skylights  should  be  given  ample 
protection  against  fires  from  without.  A  great  excess  of  fire  hose 
and  apparatus,  beyond  ordinary  needs,  should  be  avaihible.  A  strong 
bond  for  fireproof  tiling,  etc.,  for  both  girder  and  column  protec- 
tion, is  essential.  Protection  for  front  w  indows,  as  well  as  for  side 
and  rear  ones,  is  of  vital  importance.  Good  protection  for  steel 
frames  and  steel  roof  trusses  in  attics  or  other  exposed  or  unusual 
places  should  be  provided.  I^iberal  use  should  be  made  of  fire  retard- 
ant  in  windows,  doors,  transoms,  etc.  Wise  and  liberal  use  of  con- 
crete and  reenforced  concrete  for  girder  and  column  fireproofing  has 
proved  its  saving  quality.  Interior  fire  protection  and  prevention  by 
wells,  pumps,  sprinklers,  and  water  tanks  vastly  lessen  fire  risk. 
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Chittenden,  railroad  bridge  at,  dam- 
age  to 20 

Chronicle  Building,  damage  to 35, 

83-84,  144 

view  of PI.  XXX 

Cinder  concrete.     See  Concrete. 

City  hall,  damage  to 35-30,  GJ),  84-89 

description   of 84-80 

restoration  of,  cost  of 89 

ruins  of,  views  of—  Pis.  XXVI,  XXXI 
College    Hill    reservoir,    conduit    to, 

damage   to 18 

Columns,  failure  of,  through  fire passim 

30-48,  72,  78-104 
failure    of,    through    fire,    views 

showing—  Pis.  XXVI.  XXVII, 

XXXIV-XXXVI, 

XL.  XLVIII-L 

fireproofing  of 52.  71-72,  150 

damage  to,  by  earthquake-  74 

failure  of,  through  fire passim 

30-48,  72,  78-104 

views    showing I*ls.  XXIV, 

XXVII,  XXIV-XXVI. 
XL,  XLIII 

recommendations    on 55, 72 

Sec  also    Pilasters. 
Commissary      building.     Sec      .Ktna 

Building. 
Concrete,  behavior  of,  in  earthquake. 
See      Concrete.      reen- 
forced. 

behavior  of,  in  fire 31-33, 

43-44.  40.  52-55,  72-74,  70. 

103-104,   119-121.    147-148 

views  showing--  IMs.   XXIV,  XXV 

Concrete,      rceuforced.      com  punitive 

]>ehavior   of   brickwork 

and,  view  showing.-  PI.  XIV 

behavior   of 15,  22-  24.  29-.30, 

33,  44.   75.   77,    80  82,   87-88, 
97.    108.    113.    130,    150,    152 

views  sliowing Pis.   XX. 

XXIII,    XXV.    XXVI.    XXVII 
example    of.     Sec    Bekins    Van 

and  Storage  Co. 
merits  of-__  52.  58,  00.   75,   107,   109, 
120-121.  125-120,  l.-)().  152 

opposition  of  union  labor  to 00. 

126, loO  \ 


Page. 

Concrete  buildings,  behavior  of 15,  24, 

29-30.  33,  75,  113,  150,  152 

Concrete  dam,  view  of PI.  XI 

Concrete-block  buildings,  damage  to_  24-25, 

113,  114,  156-157 

damage  to,  views  showing Pis.  XVII, 

XIX 

Conduits  and  mains,  damage  to 18-19. 

115-116 

damage  to,  views  showing Pis.  IX,  X 

map  showing PI.  LVII 

repairs  to 117-118 

Construction,  defects  of,  wide  preva- 
lence of 60 

rigidity  of,  necessity  for.  In  high 

structures 15,  59 

Court-house,    Santa   Rosa,    ruins   of, 

view  of PI.  XIV 

Cowell  Building  damage  to 89. 146 

view  of PI.  LI 

Cracks,  earth,  character  of 7 

view  of PI.  IV 

Cracks,  masonry,  character  of  _  26,  57.  74-75 

views  of Pte.  XXII, 

XXX,  XLIII,  XLIV,  LIII 

Oocker  Building,  damage  to 86.  89-90 

view  of PLLII 

Crocker  Estate  Building,  damage  to.         90 

view  of PI.  XXVIII 

Crystal   Springs   Lake   dams,   immu- 
nity of 19,114-115 

view  of PI.  XI 

Custom-house,    United    States.     Sec 
Appraiser's  warehouse. 

Cyclorama,  collapse  of 29-30.  109 

views   of Pis.  XXII,  XXIII 


D. 


Dams,  damage  to-_  18-19,21,114-115,116 

safety  of 120 

view  of PI.  XI 

See  also  Reservoirs. 

r>ewey  monument,  damage  to 90 

view  of PI.  XXX 

Doors,  metal -covered,  efficacy  of 94 

Dore  street,  settling  in 26 

settling  in.  view  of PI.  VI 

Dynamiting,  damage  done  by 101 

damage    done    by,   view    show- 
ing   PI.  XLVIII 

inefflcacy   of 56,  66-67,  137-138 


E. 


Earth,  flow  of 7-9 

flow  of,  results  of,  views  of__  Pis.   V. 

VII,  VIII,  XLII,  XLIII 
Sec  also  Settling  of  soil ;  Made 
ground. 

Earth  waves,  propagation  of_  10-11,  12-13 
velocity  of 17 

Earthquakes,  aftermath  of 59 

causes   of 2 

damage  by.   minimization  of_  150, 157 

insurance   against 129 

waUuft  ot ™-«  2 
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Earthquakes,   prevalence   of,    on    Pa- 
cific coast 15,  IG.  14:1 

protection  against l."*, 

r»(;-50,  iia-iis.  124-120.,  ir»7 

/Sfc  aho  San  Francisco  eartli- 
qiiake :  San  Francisco, 
earthquake  in. 

Klevator  shafts,  danger  from lo.") 

lOmanuel  SjMia;j:ojrue,  damaj^e  to 20 

view  of ri.  XXI 

Emporium,  damage  to 3(5.  7S,  90-01 

vlew.s  of PI.  XXXTI 

Explosions,      volcanic,      earthquakes 

caused   by 2 


F. 


Falrmount  Hotel,  damage  to :t7.  02 

view  of Pi.  XXXIV 

Fault  scarp,  description  of-^ ."5 

Fault  trace,  antiquity  of 2,  10.  I'M 

appearance  of ."J 

views  of Pis.  I.  II,  III 


character  of,  diagram  showing 


4 


conduit  crossing,  views  of Pis.  IX.  X 

description  of 4-0 

dam    on.    effects    of    earthquake 

on 10 

views  of PI.  XI 

distances  from,  to  towns,  etc 0 

earth   movement  along 4. 

5,  17,  20,  i:{2-i.h:i 

views  showing Pis.  I.  II 

extent  of 2.  4,  10.  10-17.  I'M 

fence  crossing,  view  of IM.  I 

map  of '.\ 

mapping   (previous)   of 10 

offset   In .'> 

views  of Pis.  I,  IX 

reservoirs  on,  damage  to 10-10, 

114-1  l."i 

road  crossing,  view  of PI.  I 

telescoping  along,  view  showing.    PI.  IX 
ticc  ditto  Faulting. 
Faulting,  earthquakes  due  to__  2.  10,  l.i-10 
prevalence  of.  on  I'acific  coast-         l."* 
place    of,    surface    or    subterra- 
nean    2 

time  required  for 11 

^('c  also  Fault  trace. 

Fire,  protection  against ."51 -."»0. 

110-124.  120-120,  1.-7 
Sec  also  San  Francisco,  fire  In  ; 
San  Francisco  fire. 
Fire    extinguishers,    cliemical,  *value 

of 157 

Fire  Underwriters,  National  Board 
of,  report  of,  on  fire 
hazard  in  San  Fran- 
cisco  40-.">l 

04.  i:V.)-140 
Fireproof    buildings    in    San     Fran- 


I'age. 

Fireproofing.   cost   of 140,  LIO 

general  inadequacy  of 110,  140,  147 

Imi)erfections   of.    in    San    Fran- 
cisco-.  .-»2-.">4.  71-74,  117-1."')0 

insurance  rates  reduced  by l.")5 

materials    ft)r .')2-."»4,  147-1  ."iO 

I)rotection   affonl(Ml   l)y.   p<'rceut- 

Mgc    of 7S 

recommendations  concerning 5r> 

110-122,  ITh 
»Sit't'      also      IJrick :       Concrete : 
Metal  laths;  Tiles,  etc. 

I  Fissures,   creation   of l.'J.'J 

views    of Pis.  III.  IV 

I   Flood    Building.     .Sec    .Tames    Flood 
Building. 

,  IMoors,  Ijehavior  of passim  31-48 

73,  70-108 
I  behavior  of.  views  showing-    Pis.  XXVI, 

XXVII.    XXIX 

recommendations   on 12."),  l."*.! 

^  Fortifications,  damage  to 03.  114 

:  Foundations.  ImiTortance  of .■i7,  ."30, 

I  133,  13r>.  143,  151 

■  Frame  buildings.     Sec  Wooden  build- 
ings. 


a. 


<Jeologic    formations,     cliaracter    of. 

infiuence   of 12,1.3:5-130 

(iilbert.  G.   K.,   photographs  by Pis.  I. 

III-VIH 
report  by,  on  the  earthquake  as 

a  natural   phenomenon.     l-i:i 

work     of xr 

(lirders,  fire  protection  of 73-74.  110 

(Jlrls*  higli  school,  damage  to 20-27 

(ilass,   wire,   behavior  of_-   SO.  12;;,  154.  150 

behavior   of.   view   sliowing PI.  LX 

(Jolden  (iate  Park,  damage  in 20-30 

(iovernment  1. uildings,  damage  to...  32.42, 

44-45.  <>t),  78.  151 

views    of Pis.  XXVIII, 

XXXVIII,   XLIII.   XLIV 

<Jianite.   damage   tn 5.'i.  02.  157 

damage  to,   vii'ws  showing-   Pis.  XXIV, 

XXXVI 

iirnnt   Building,   damairo   to 37-:is.  03 

(iravity,  eartli  moveiiu^nt  due  to S 

r.ravity  wav»'s.  propairation  of  lU-11.12   i;i 
',  (iieek   Theater,   immunity   of 25 


li. 


Cisco,  character  of 


52 


conditions    surrounding 50,04 

damage    to 51-52.  <»♦; 

protection  of 128-12t) 


27 
40 


Hahnemann    Medical    <'ollego.    dani- 
n;:e    to 

Ilayward  Bulldinir.  damage  to _ 

llibcrnia     Savings    and     Loan     Soci- 
ety's   building,    damage 

to    _    38.  los 

view  of  _. Pi.  XXXVII 

High     school     buildin-.;.      San     .lose. 

damatre  t<».  view  of.       PI.  X III 

Ilimmelwright.  \.  L.  A.,  pbotoiiv;vvV\ 

\)\ VX.^-'S 
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Iloburt  building,  damage  to 38-39 

view   of ri.  XXXVI 

Hollow  tile.     See  Tiles. 

Holmes,  J.  A.,  preface  by xi-xii 

*  Home  store.  Pittsburg,  comparison  of 

fires  at  Kmporiura  and-         1)1 

Hotel  Hamilton,  damage  to 38 

view    of PI.  XXXVI 

House,   splitting  of '20 

splitting  of,  view  showing PI.  X 

Howard  street,  ruined  Luildings  on. 

view  of PI.  LIII 

.settling   in 2G 

view  showing PI.  VI 

Humphrey,  R.  L.,  experience  of xi 

maps  by Pis.  LVI.  LVII 

photographs  by Pis.  II.  VI,  X- 

XXV,  XXVII-XXX,  XXXIV- 
XLV,     XLVIII,    L,    LII-LIII 
report   by,   on   effects   of  earth- 
quake     and      fire      on 
structures    and    struc- 
tural  materials 14-Gl 

work  of 14 


I. 


Illustrations,  sources  of iv 

Insurance,  earthquake,  need  for 120 

Intensity,  earthquake,  definition  of_         12 

distribution  of 12-13 

factors  governing 132-130 

maximum  of,  region  of-_  2,  4,  132-133 

scale  of 10,131 

variations    In 00,75,100 

Inyo  earthciuake,  cause  of 2 

Iron  arches,  expansion  of 30.  87-88 


J. 


Jackson    Brewing    Company's    build- 
ing, damage  to 30 

view  of PI.  XXXVII 

James  Flood  Building,  damage  t<>__        37, 

78,  02-03,  145.  140-147,  148 

views  of Pis.  XXXIII,  XXXV 

Japnn.  gravity  waves  In 13 

Jerklness,  causes  of 11-12 

Justice,    Hall   of,   nt   San    Francisco. 

damage  to 30.03 

view  of Pis.  XXXV.  XXXIX 

Justice,  Hall  of,  at  San  Jose,  wreck 

of.  view   of PI.  XII 


Ivjimm  Building,  damage  to 30-40.  O.'i 

Kelly.  William,  information  from 124 

Key  monument,  dnmage  to ._  20 

view  of PI.  XX 

Kohl  Building,  damage  to 40,  04,  152 

L. 

Labor  unions,  attitude  ol 00.  120.  ir»«) 

Lake    Honda    reservoir,    conduit    to. 

destruction  of is 

damage   to 10,  ll.j 


Page. 

Landslips,  production  of 8 

Laths,  metal.     See  Metal  laths. 

Lawson,  A.  C.  faults  traced  by 10 

photographs  by Pis.  VIII,  XIII 

Lee  Brothers,  building  of,  view  of_  Pi.  XVII 
Leland   Stanford   Junior   University. 

damage   to 22-24. 

75,  112-114,  133 
damage   to.  views  of_  Pis.  XI V-X  VI 1 1 

geologic  conditions  at 15 

Leuschner,  A.  O..  on  San  Francisco 

earthquake 143 

Life,   loss  of 00-61.  153 

Light-houses,  damage  to 63 

Los  Gates,  tunnel  near,  damage  to 20 


M. 


Made  ground,  conduits  in 118 

movement  of 8,  13.  15,  21,  133 

effect  of.  on  structures 15. 

19,  20.  50,   115-116.   133,  135 
views  of Pis.  V,  VI 

sewers  in us 

See    also    Settling    of    ground ; 
Earth. 

Mains  and  conduits,  damage  to 18-19, 

115-116,  133 

damage  to,  views  of Pis.  IX,  X 

repair  of 117-118 

Majestic  Theater,  damage  to 40 

view  of Pi.  XXXIX 

Marble,  destruction  of 53.  157 

Marston  Building,   lessons   from 152 

Marx,  C.  D.,  and  Wing,  C.  B.,  report 

of 03.   114-110 

Masonry.      f<rc     Stonework :     Brick- 
work. 

Materials,  structural,  behavior  of 51-55. 

71-70 
See  ulao  jfurticular  materials; 
Structures,  artificial. 
Mercantile  Trust  Co.'s  l)ullding.  dam- 
age   to 40 

Merchants'   Exchange  building,  dam- 
age to 41,04-05 

view  of Pi.  XL 

Metal    (expanded)    and  plaster,   fire- 
proofing  by 40, 

45,  47.  !•:•..   104.   110,  148-140 

partitions,  ceiliujrs.   etc..  of 44. 

17,  77,  00,  104 
Metal  lat^s  and  plaster,  behavior  of. 

views  sbc)wlng iMs.  XXXIV, 

XLI.  XLVIII 

fireproofing   by ,38, 

:;o.  7:1-74.  03.  148-149 

I)artitions  and  ceilings  of 43.  40.  02 

Mill  construction,  definition  of 00 

failure    of ._   :J0.  00-01.  152 -153 

view  showing PI.  XXXII 

Mills  Building,  daniaue   to    .   41-42.  78,  14S 

daniaue  to.  views  of   _    _   Pis.  XL,  XLV 

Mills  College  for  (Jirls.  damage  to__  2.5 

damage  to,  view  of PI.  XX 
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Mint.  United  States,  damage  to 42, 

95-90,  154-155 

view  of PI.  XXXVin 

Mission,  The,  section  of  city  known 

as 137 

Mission  Dolores,  new,  damage  to 27 

old.  view  of PI.  XXIIT 

Mission   street,   earth   slip   on,    view 

showing PI.  XLIII 

Monadnock  Ruilding,  danmge  to 42.96 

repairs   to 42-43 

Monterey,  damage  at 21 

Monterey  Bay,  effects  of  earthquake 

at 21 

Mosaic  ceilings,  behavior  of 45 

Mountain-making  forces,  earthquakes 

(?ue   to 2 

Sec  aUo  Tectonic  earthquakes. 

^lud.  movement  of 8-9 

Sec  also  Earth. 

Murphy  Building,  damage  to 43 

view  of Pi.  XLI 

Mutual  Life  Building,  damage  to___  43.  90 

view  of Pi.  XLII 

Mutual  Savings  Bank,  damage  to 108 

N. 

New  Madrid  earthquake,  cause  of 2 

Ninth  street,  earth  flow  on,  view  of_     PI.  V 


O. 


Oakland,  damage  at 25,  112, 133 

Omori,  F.,  on  earthquakes 59.  132,  143 

Ornamentation,  loss  on 52-53,  127,  154 


I'acific    States    Telephone    and   Tele- 
graph    Co.'s     building, 
damage    to_  43-44,  90-97,  155 
view  of PI.  XLI 

Pajarp   River,    railroad  bridge   over, 

damage   to 20 

damage  to,  view  of PI.  XI 

Palace  Hotel,  damage  to 26.  97,  149-150 

views  showing Pis.  XXX,  LTI 

Palo  Alto,  damage  at 24,  114 

geologic  conditions  at 15 

Sec   also   Leland   Stanford   Jun- 
ior University. 
Partitions,  behavior  of.     Sec  Metal 
laths ;      Terra     cotta : 
Tiles,  etc. 

general   character  of 52.  72-73.  94 

recommendations  concerniniu: 55. 

125.  127-1 2H 

Pike  (Albert)  Memorial,  damage  to_         20 

Pilarcitos  conduit,  damage  to_  18,115.133 

damage  to.  views  showing- _   Pis.  IX,  X 

Pilasters,   shearing  of 85.96 

stripping  of.  view  showing Pi.  Xll 

Piles,  buildings  on.  damage  to 2H.  135 

Pipes  on  columns,  damage  due  to 45 

52,  80,  148 

Plaster  of  Paris,  effect  of  fire  on 31 

effect  of  fire  on,  view  showing.    PI.  XXV 


Pa^o. 

Plastering,   imperfections  of 88 

Plumb,  difficulty  of  building  in.   82-83,  130 

Point  Arena,  fault  trace  at 2 

fault  trace  at.  map  showing 3 

Point  Delgada,  fault  trace  at 2 

Point  Reyes,  fault  trace  near,  views 

of • Pis.  I,  III 

Post-ofllice  Imilding,  damage  to 44-45, 

97-lOa 

settlement  .it 99 

views  of Pis.  XLII,  XLIII,  XLIV 

I'ublicatlons  on  earthquake,  list  of_  159-161 


R. 


Rafters,  thrust  of,  damage  from 114 

damage  from,  view  showing PI.  XIX 

Railroads,  damage  to 20.  21 

damage  to.  view  showing PI.  XI 

Records,  hall  of,  San  Francisco,  dam- 
age   to 36,89 

Records,   hall   of,   Santa  Rosa,   ruins 

of,  view  of PI.  XIV 

Redwood,  damage  at 114 

Reed,    8.    A.,    on    fire    in    telephone 

buiidiug 97 

Reservoirs,  damage  to 18-21,  114-llG 

Sec  also  Water-supply  systems. 
Rhythm     of     earthquake,     character 

of 11-12^ 

Rialto  Building,  damage  to 45,  103 

view  of PI.  XLVIII 

Rivets.  Importance  of 144 

shearing  of,  view  showing-  Pi.  XL VI I 
Roberts.  J.  W.,  aid  of 44.  97-98. 


Safes,  failure  of 53,  69-71,  124 

failure  of,  view  showing PI.  LII 

Sailors'  Home,  damage  to 27 

St.  Dominic  Cathedral,  damage  to__  27 

St.   Francis  Hotel,  damage  to 45-46. 

103-104 

Saliuas,  damage  at 21.1.33 

geologic  conditions  at 15 

Salinas  River,  effects  of  earth(iuake 

near 21.  13:V 

effects  of  eartb(iuake  near,  view 

showing ri.  VIII 

Salt  -  water      mains.      establishment 

of 117,  139,  153 

San   Andreas  dam.  damage  to-_   18-19,  115 

Sr.n   Francisco,  area  of 134 

Imilding  code  in-..   50-51,59-60.6.5-66 

buildings  in.  cliaracter  of .30,  50, 

52.   59,    65,    134-136,    1.39-142 

'  cl asses    of 65-66 

relative  damage  to 57-5S 

fire      underwriters'      report 

on  49-50,  64,  139-140 

height   of 142 

recommendations  for 124-129 

.SVr    f//.vf>    Structures,    arti- 
ficial. 

description   of 141-142 

earthquake  In.  Av^tcviaL^^  X^'s '1">-V^, 
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San   Francisco.   oartUquakc   in.   dam- 
ago  by.  reasons  for.   l!0.  ."IS.  141! 
oarth<iual«p    in.    (lama;;c   l>.v.    re- 
lation   of    fire    (lamaj;c 

j.nti m.  74.  in:i 

ciTect     of.     o:i     walls.     Srr 
Craciss. 

lessons  of ."iO -r>j) 

loss  of  life  in r»i>-r»o.  ir>:i 

Sf'c     also      San      Francisco 
carthqualco. 

fire  department  of 7*1.  140.  l.").", 

<liief  of.  death  of I'M 

fire  liazard  In,  underwriters'  re- 
port   on_.  40-.11.  04.  i:m-140 

fire  in.  normal  loss  bv 40.  180.  i:iO 

normal     loss     by.     reasons 

for 188-180 

f<rr  also  San  Francisco  fire, 
fireproof   buildin;^    In.    behavior 
of.        ,<Vf'        Fireproof 
bul!dlnjrs. 

foundation  material  of___  25.  1.84-180 
map  of.  showlnjx  burntni  area_  Tl.  LVl 
showin;;  whole  city,  Imrned 

area,     water     conduits. 

etc. ri.  LVir 

panorama   of I'l.  LV 

population  of 184 

rebuilding    of r.O-OO.  01.  110-117 

recommendations  for 1*J4— 1120 

surviving   liuildings   In,   descrip- 
tions  of 81-4S.  70-111: 

view   of.   from   Tine  and    Towell 

slreeis      IM.  I.V 

from  Telofrraph  Hill IM.  LIV 

water  supply  system  of 17   IS. 

10-20.  .nn,  1:50 

damage  to l.S-L*o.  i:;7 

causes   of 10 

future  prevention   of__  10-20. 

."•"i.  1.~».8 
fire  underwriters*  report  on_         .">(). 

117.  i:{0 

map  showing TI.  LVII 

recommendations    on__    _   117.1."),'*, 
San  Francisco  earth(iuake.  l>eginuing 

of.  point  of _        i;i2 

bibliography    of inO-101 

cause  of_. 2,  1.".2 

consideration    of.    as    a    natural 

phenomenon 1    i:; 

damage    by 17-2.'. 

80  4 S.  72-1  Kl.  l.-0-l.-,2 

date    of _•  14,  1:51 

direction  of 17.1.82 

duration   of H).  1:51 -182 

effect   of.  on  surface  material    ..        7  0 
extent    of 2.  1.  10.  ir,.  182 

mai)  showing'    __    _      _    ."? 

Intensity  of.      Srr  Intensity. 

movements  In.   character  of 1o-1l». 

17.  2<{ 

direction  of   __  .  .    .._    _ 17.182 

oxtoiit    (>f____,    4    ."..  10.  17.  1.".2.  1  1.8 

AVy'   r/lso    Fault    trace. 


Pajre. 

San    Francisco    earthquake,    publica- 
tions  on 159-161 

shocks  In,  num1>er  of 10,  181 

velocity    of 17 

vibrations    in 10-12.  17 
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PREFACE. 


The  fuel  tests  discussed  in  this  paper  were  made  under  two  Heine 
water-tube  boilers  by  the  boiler  division  of  the  United  States  Geolog- 
ical Survey  fuel-testing  plant  at  St.  Louis,  Mo.  These  tests  began 
during  the  Louisiana  Purchase  Exposition,  in  1903,  and  have  been  in 
progress  since  that  time.  The  coals  tested  have  been  collected  from 
all  the  prominent  fields  of  the  United  States. 

It  has  been  the  object  to  compare  fuels  by  determining  the  evapo- 
rative performance  of  the  boilers  when  using  the  various  coals.  Care- 
ful and  complete  obser\^ations  have  been  made  with  each  coal,  so  that 
it  should  be  possible  for  engineers  to  determine  from  an  examination 
of  the  records  whether  the  conditions  of  the  tests  were  favorable  or 
unfavorable  for  the  character  of  the  coals  tested. 

The  results  of  tests  by  the  several  divisions  of  the  fuel-testing  plant 
that  have  been  published  thus  far  appear  in  (a)  Bulletins  Nos.  261  and 
290  of  the  United  States  Geological  Survey,  giving  preliminary  reports 
of  tlie  operations  of  the  plant;  (6)  Professional  Paper  No.  48  of  the 
Survey,  giving  complete  and  detailed  information  of  the  tests  made 
during  the  Exposition. 

The  steaming  tests  were  in  charge  of  D.  T.  Randall  during  the  Expo- 
sition period  and  of  Walter  T.  Ray  since  that  time.  These  men  have 
been  al)ly  assisted  by  a  corps  of  trained  observers  and  computers,  who 
have  been  alert,  patient,  and  painstaking. 

As  soon  as  a  considerable  number  of  tests  were  available,  it  seemed 
dosiral)le  to  begin  a  comparison  of  the  various  tests  on  the  basis  of 
sucli  usual  factors  as  over-all  efficiency,  rate  of  combustion,  tempera- 
ture of  escaping  gases,  evaporation  per  square  foot  of  heating  surface, 
etc.  It  soon  developed  that  many  interesting  and  apparently  valua- 
ble results  were  brought  out  by  these  comparisons,  and  hence  they 
were  extended.  The  discussions  of  facts  led  to  a  search  for  theories, 
and  the  men  of  the  division  sought  out  available  literature  bearing  on 
tlie  various  subjects  under  discussion.  Thus  has  accunmlated  the 
material  here  presented.     It  is  not  the  work  of  any  one,  but  of  all. 

To  Messrs.  Walter  T.  Itay,  Henry  Kreisinger,  and  Harry  W.  Weeks 
sliould  l^e  accorded  especial  credit  for  preparing  the  larger  part  of  this 
material.  Except  for  the  cooperation  and  careful  work  of  the  chem- 
ical division,  under  the  supervision  of  Dr.  N.  W.  Lord,  much  of  the 

work  here  reported  woxild  not  have  been  possible* 
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Many  of  the  relations  submitted  have  been  worked  out  at  the  sug- 
gestion of  different  engineers  who  were  interested  in  particular  phases 
of  the  work.  Some  repetition  in  the  matter  presented  is  perhaps 
unavoidable  on  account  of  the  nature  of  the  subject.  Possibly  much 
that  is  new  has  developed  during  the  discussion,  because  never  before 
have  400  boiler  tests  been  made  under  two  boilers  (exactly  alike) 
with  coals  and  lignites  from  all  sections  of  the  United  States  and  with 
all  tests  fired  by  the  same  expert  fireman. 

Acknowledgment  is  gratefully  made  to  the  many  engineers  of  the 
country  for  helpful  suggestions  and  kind  criticisms  that  have  come 
to  me  while  endeavoring  to  direct  the  tests  of  this  division  so  that 
they  would  prove  of  the  greatest  value  to  the  industries  of  the  nation, 
and  to  those  engineers  whose  problem  is  still  to  furnish  boilers  of 
greater  capacity  and  furnaces  of  higher  economy.  It  must  not  be 
forgotten  that  all  discussion  is  based  on  the  results  obtained  in  a  sin- 
gle furnace  with  one  type  of  boiler,  but  jnany  of  the  results  should 
have  wide  application  in  any  furnace  and  under  any  type  of  boiler. 
Helpful  suggestions  or  criticisms  from  manufacturers  or  engineers  are 
again  invited. 

In  submitting  this  paper  I  desire  to  thank  Dr.  Joseph  A.  Hohnes, 
expert  in  charge  of  the  fuel-testing  plant,  for  his  uniformly  courteous 
consideration  of  the  plans  and  ne^ds  of  the  boiler  division  and  for  the 
freedom  which  he  has  always  allowed  us  in  carrying  on  the  work.  We 
have  appreciated  his  confidence  and  can  only  hope  that  it  has  been 
merited. 

L.  P.  Breckenridge, 
Engineer  in  Charge  of  the  Boiler  Dwis^ion. 

Urbana,  IiJ..,  Janminj  14j  Wfi7, 


A  STUDY  OF  FOUR  HUNDRED  STEAMING  TESTS. 


Bv  Lester  P.  Breckenridge. 


INTRODUCTION. 

By  Waltku  T.  Ray. 

Origin  of  the  bulletin. — As  the  so-called  '*  boiler  tests/'  made  by  the 
fuel-testing  plant  at  St.  Ijouis,  gradually  accumulated,  it  became  evi- 
dent to  the  men  making  them  that  a  great  deal  of  incidental  work 
was  assuming  the  shape  of  a  considerable  compilation  of  plottings  and 
calculations  of  various  matters  pertaining  to  the  tests,  and  that  cer- 
tain details  of  the  work  were  beginning  to  shed  light  on  the  inner 
reasons  for  the  unreliability  of  tests  of  coals  made  under  steam  boilers. 
Much  research  work  was  being  done  in  the  boiler  room  simultaneously 
with  the  steaming  tests  prop)er,  and  of  this  work  also  certain  details 
shed  light  on  the  same  unreliabilities. 

It  was  originally  intended  to  insert  these  results  in  the  regular  bulle- 
tins of  the  fuel-testing  plant,  but  the  further  the  work  went  the  less 
of  a  basis  for  general  conclusions  it  seemed  to  be.  For  this  reason 
publication  was  postponed  until  a  large  amount  of  matter  was  on 
hand.  In  order  to  avoid  undue  bulk,  no  account  of  most  of  the  work 
itself  is  given.  Many  of  the  negative  results  obtained  are  presented, 
however,  on  the  general  principle  that  negative  results  are  usually, 
worth  as  much  as  positive  results. 

Scope  of  the  work, — ^An  especially  striking  instance  of  the  value  of 
negative  residts  was  noted  in  an  attempt  to  check  up  the  readings  of 
an  o])tical  pyrometer  used  on  the  combustion  chamber  by  calculating 
the  initial  temperatures  of  the  gases  entering  the  boiler  in  each  test, 
so  as  to  find  whether  the  pyrometer  read  too  high  or  too  low  when 
sighted  on  flame.  The  basis  used  for  the  calculation  was  the  effi- 
ciency noted  as  ^^72*,  efficiency  of  boiler,  per  cent"  in  the  code  of  the 
American  Society  of  Mechanical  Engineers.  The  calculated  tem- 
peratures of  combustion  were  ridiculous,  and  were  very  puzzling  for 
some  weeks.  Meanwhile  a  study  was  made  of  some  chapters  in  John 
Perrv^'s  book,  ''The  Steam  Engine  and  Gas  and  Oil  Engines,''  relat- 
ing to  the  manner  in  which  fluids  give  up  heat  and  iivo\x\fe\s^\xxa.^  'ftxssS. 
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making  application  of  these  principles  to  steam  boilers.  A  develop- 
ment of  these  ideas  and  their  application  to  the  apparatus  used  in 
these  tests  constitutes  what  is  believed  to  be  the  most  valuable  part 
of  this  bulletin.  It  is  thought  that  a  fairly  trustworthy  separation 
has  been  effected  for  most  tests  of  the  true  boiler  efficiency  and  the 
percentage  of  completeness  of  combustion.  Apparently  the  former  is 
constant,  as  the  theory  indicates,  and  the  ^'practical''  boilef  efficiency 
differs  from  it  by  only  a  very  few  per  cent,  the  main  cause  of  the  differ- 
ence apparently  being  that  as  a  rule  all  of  the  fuel  is  not  burned. 

All  of  this  work  has  been  done  with  the  hope  of  discovering  new 
guiding  principles  for  use  in  forecasting  the  results  of  burning  any 
given  fuel  more  accurately  than  can  now  be  done  from  chemical  analy- 
ses and  observation  of  physical  characteristics.  It  is  true  that  at 
j)resent  the  choice  of  coals  in  any  market  for  any  given  use  can  be 
narrowed  down  to  perhaps  20  per  cent  of  the  coals  considered  by  a 
consideration  of  market  price,  freight  charges,  chemical  analysis,  heat^ 
ing  value,  and  i)hysical  characteristics;  but  the  ambition  of  the  boiler 
division  is  to  work  toward  that  completeness  of  knowledege  whereby 
about  three  -  fourths  of  the  20  per  cent  can  also  be  discarded  after 
laboratory'  investigations. 

It  is  also  the  intention  of  the  boiler  division  to  study  the  principles 
of  fuel  combustion  to  such  advantage  that  much  coal  can  be  saved, 
and  that  cheap  fuels  can  be  used  in  certain  operations  where  higher- 
priced  ones  are  now  considered  necessary.  Such  savings  will  really 
redound  to  the  benefit  of  producers  of  the  best  fuels  of  all  grades  quite 
as  much  as  to  the  benefit  of  consumers.  A  number  of  new  lines  of 
work  an*  suggested  in  the  Uwt;  several  of  these  it  is  planned  to  take 
up  soon,  and  some  of  thorn  may  give  data  for  determining  the  burning 
qualities  of  fuels  independently  of  the  apparatus  in  which  the  process 
takes  place. 

Perlia})s  the  most  important  reason  for  doing  the  research  work, 
and  for  making  so  many  com])arisons  of  the  data  obtained  from  all 
tests,  was  the  feeling  that  tlie  testing  of  fuels  under  boilers  is  at  best 
only  approximately  (•()ni])arative.  In  short,  it  was  the  feeling  that 
we  were  on  the  wrong  track,  without  knowing  of  a  better  one,  which 
led  us  to  do  the  research  work. 

This  work  was  j)erformed  and  the  results  were  prepared  for  publi- 
cation under  tlie  direction  of  Prof.  L.  P.  Breckenridge,  engineer  in 
charge  of  the  boiler  division,  by  the  following  men  located  at  St.  I.<ouis: 
Walt(*r  T.  Kay.  llenrv  Kreisinger,  Harry  W.  Weeks,  Charles  H.  Green, 
Kobert  II.  Ivuss,  Loyd  K.  Stowe,  William  M.  Park,  Ralph  Gait, 
Fred  ().  Pahniever,  liaeburn  11.  Post,  George  S.  Pope,  Gilbert  E. 
Ryder,  Fred  J.  l^ird,  Carl  »I.  Fletcher,  and  Perry  Barker. 

Many  of  the  oj^inions  giv(Mi  in  this  volume  are  not  shared  by  all  the 

autliors;  some  of  th(Mn  r(*])resent  a  compromise.     The  responsibility 

of  selecting  mat(»rials  and  deciding  what  views  should  be  taken  on 

jnunv  points  jiaturally  fell  on  Mr.  Ray,  who  was  the  engineer  locally 
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in  charge  of  steaming  tests  at  St.  Ix)uis,  and  to  him  is  to  be  charged 
the  fault  of  any  unjustified  expressions  of  opinion  or  mistakes  in  text 
or  figures. 

It  is  realized  that  future  work  may  show  that  some  of  the  opinions 
advanced  herein  are  faulty,  and  consequently  the  right  is  reserved  to 
change  them.  Nevertheless,  this  work  as  a  whole  expresses  the  best 
present  knowledge  of  the  boiler  division,  and  is  given  out  for  others 
to  think  about.  It  should  be  distinctlv  stated  that  the  chemical 
division  of  this  plant  is  in  no  way  responsible  for  anything  herein, 
although  its  members  have  been  consulted  on  some  points  and  have 
very  kindly  made  many  suggestions. 

Special  attention  is  called  to  the  ''General  conclusions,"  page  174, 
and  to  the  paragraphs  entitled  '^  Commercial  considerations,''  page  177. 

ketjATIoxs  of  test  data. 
rate  of  combustion. 

Fig.  1  should  be  considered  in  connection  with  fig.  2,  the  same  tests 
being  classified  in  both  charts  according  to  the  pounds  of  dry  coal 
burned  per  scjuare  foot  of  grate  per  hour.  The  figures  in  the  small 
circles  indicate  the  number  of  tests  considered  in' determining  the 
position  of  the  points  near  which  they  are  placed.  In  fig.  1  curve 
No.  1  is  high  for  low  rates  of  coal  consumption,  because  it  is  hard  to 
keep  down  the  air  supply.  Curve  No.  2  shows  the  per  cent  of  stack 
loss.  It  drops  at  first  because  the  air  supply  increases.  (See  curve 
Xo.  1.)  It  rises  on  the  right  because  the  gases  leave  the  boiler  at 
higlicr  temperature,  as  shown  by  curve  No.  3.  The  coals  of  the  tests 
averaged  on  the  left  of  the  chart  are  in  general  of  good  quality  and 
slower  burning  than  those  in  the  center;  those  on  the  right  are  some- 
what lignitic  in  character.  This  perhaps  explains  why  curve  No.  3  is 
low  in  the  center;  the  combustion-chamber  temperatures  were  lower 
there,  hence  the  flue  temperatures  were  also  lower.  But,  after  all  is 
said,  tlie  reason  is  in  doubt,  because  the  maximum  flue-temperature 
ran<j^e  is  oiilv  50°  F. 

On  c()nij)aring  the  flue-temperature  curves  of  figs.  1  and  3  a  differ- 
enc(»  w  ill  be  seen  in  the  left-hand  ends.  With  reference  to  this  curve 
in  fig.  1,  the  coals  toward  the  left  end  become  better  in  quality  and 
higher  in  'fixed  carbon,''  so  that  although  they  burned  slowly  the 
conil)ustion-chamber  temperatures  were  fairly  high,  and  consequently 
the  stack  tenij)eratures  were  higher  than  in  the  center  of  the  curve. 
With  n^ference  to  the  analogous  curve  of  fig.  3,  the  coals  to  the  left 
are  both  ]>oorer  and  slower  burning,  and  a  larger  air  excess  was  used, 
relatively,  which  made  the  combustion-chamber  temperature  lower; 
cons(Mjuently  tlie  flue  temperature  was  lower.  Further,  the  lower 
curve  of  fig.  1  is  perhaps  drawn  a  little  too  high  at  the  left  end,  and 
that  of  fig.  3  a  little  too  low. 
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Fig.  2  should  be  considered  in  connection  with  fig.  1.  Xattle  can 
be  said  of  curve  No.  1  (fig.  2),  except  that  it  rises  sUghtly  with 
increasing  rates  of  combustion — about  three  to  five  times  as  much 
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1. 1.— Relations  ofrutc  ol  combustinn  topounda  <i(  dry  chimney  bm^'  per  pound  o(  'mnibilstlble' 
curve  No.  1);  per  eent  o[  Ions  up  thestiiolc,  from  hr.-ut  balance  (eurvo  No.  S);  and  nue-pos  temperu- 
ure  {T.)  tixkpti  unilor  Bt^H-k  damper  (turve  No.  3).    rlasalSed  on  lute  at  nimtniHlInn  as  basis: 


as  (ho  broken  line  just  below,  connectin<;  the  CO  avera{p?.s.     The  ris- 
int;  of  both  is  perhaps  a  consequence  of  decreasing  air  supply  per 
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pound  of  "  combustible,"  an  indicatod  by  curve  No.  1  of  fip.  1.     Curve 
Xo.  3  of  fig.  2  is  a  reproduction  of  cur\'e  No.  2  of  fig.  1. 
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SUPPOSES  BATE  OF   HEAT  EVOIItTIOK. 

Fig.  3  should  ln'  considered  in  connection  with  fig.  4.     In  both 

chart.'a  the  same  tests  are  grouped  according  to  the  number  of  B.  t.  u. 


Hflationa  tit  rate  nf  heat  evohilion  to  per  cent  unBceoan**4  lot  (.cuT-iftiao.Vi-. -^^  w-'-'*™^^ 
rl  for f>JiMpc-r cent o/li»aupll»8tack(curTeNi>.'2y,  peii»nX<ACOV«*',=a"<>^'^-'J~>"' ^\^_ 
f.»»  up  the  stack  (cane  No.  4) .   Clualflvd  on  nt«  ot  hatl  eniitaUon  »»^»*»'  ^^^ 
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supposedly  liberated  pvr  scjuaro  foot  of  grate  surface  per  hour.  Had 
it  been  pra<'l  icabie,  the  six  curves  concerned  would  have  been 
plotted  ()n  one  chart.  According  to  cun-e  No.  1  the  iwunds  of  dty 
eliiiruiey  gases  i>er  pound  of  "combustible"  decn'ase  rapidly  at  first, 
but  for  the  right-hand  half  of  the  chart  they  remain  constant.  The 
left  half  of  cur^-e  Xo.  2  shows  a  rapidly  decreasing  stack  loss,  which 
might  be  expecteil  lo  remain  aliout  constant  on  the  right,  inasmuch 
as  the  pounds  of  drj'  chinmey  ga^es  per  pound  of  "combustible" 
remain  constant.  One  explanation  of  its  rising  is  that  the  circula- 
tion of  water  in  the  boiler  fails  to  intTeas(>  at  as  rapid  a  rate  as  the 
demands  on  it,  in  conse<|uence  of  whicli  the  l>oi)er  is  increasingly  less 
efficient  as  a  heat  absorber,  when'fort*  the  gases  escape  at  a  higher 


teniperiitiin'.  Tliis  expluniilion  would  nuike  curve  Xo.  '.i  consi.st  of 
two  purlious,  the  upwiinl  ^^iope  uf  tlie  left  luilf,  wliicli  is  <lue  t.i  rise 
of  furiiiHc  tcmpi'mlnrc,  ln-iug  i-oiiriniie.l  for  Ibe  right  half  by  the 
derre.ising  cHici.-ni'y  of  Ibe  linilcr. 

For  11  <'"inj>arisnii  nf  tin-  ubiipcs  <if  ilic  Ihic-lcitiperutiire  (•ur\-es  of 
Ibis  chart  and  of  lig.  1,  .sw  ilic  u-xt  nn  the  hitt.-r  (p.  11). 

iMg.  I  slimild  be  coiisiden'ii  in  comieclioii  with  fit;.  :i.  In  both  of 
llicse  cbiirts,  as  already  staled,  llu'  same  lesis  arc  classified  on  the 
ba.Ms  of  Ileal  sui)i>oscdly  cviilved;  and  bere  tlie  criipliasis  is  on  the 
wiinl  ■■supposedly,"  for  llg,  1  implies  by  circuiiisianlial  evidence  that 
some  (if  the  fuel  ix'vor  llurned.  Curve  No.  1,  the  per  cent  "unae- 
coiinloi  for,"  rises  about   'i  |>er  ceni,  and  curve  Xo.  ;{,  the  j)er  cent 
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of  CO  loss,  rises  nearly  0.5  per  cent  along  the  same  range  of  heat 
supposedly  evolved.  The  implication  is  that  the  rise  of  CO  loss  is 
merely  an  indication  of  greater  losses  not  ascertained,  due  j>robabIy 
to  incomplete  combustion. 

Curve  No.  4  in  this  figure  is  the  same  as  curve  No.  2  of  fig.  3,  a 
tentative  explanation  of  which  is  given  in  the  text  relating  to  that 
figure  {p.  13).  The  arrows  on  the  curves  indicate  which  coordinate 
scales  are  to  be  used  with  each  curve. 

Fig.  5  is  based  on  about  two  hundred  tests  of  coals  from  all  parts 
of  the  country.  It  is  not  true  to. any  great  extent  that  the  better 
coais  are  represented  more  in  some  parts  of  tlie  curves  than  in  others; 
therefore  the  following  deductions  are  fairly  reliable.     The  10,<)00's 


□I  lacton  aSectlDg  beat  Bbsorptloa,  bued  on  furruKv  temperBliiiB. 


of  B.  t.  u.  supposedly  evolved  per  square  foot  of  grate  surface  per 
hour  was  calculated  by  deducting  the  heat  loss  in  CO  and  in  com- 
bu-slible  dropping  tlirough  the  grate  from  the  heat  value  of  the  coal 
fired.  Curve  No.  1  shows  that  within  the  usual  working  range  the 
iiipacity  is  very  nearly  a  straight-line  function  of  the  heat  sujjposedly 
('vi>lvi'd  in  the  furnace.  Curve  No.  2  is  especially  significant,  show- 
ing a  decided  falling  off  in  efficiency  72*,"  as  the  amount  of  heat  sup- 
posedly evolved  increases.  By  reference  to  the  lower  curve  of  fig.  6 
it  will  be  seen  that  the  volume  of  the  gases  of  combustion  from  1 
pound  of  carbon  is  nearly  constant  whatever  the  air  excess  used,  pro- 
viding tliis  excess  is  within  reasonable  limits  of  operation.  Therefore 
the  \'(ilHme  of  gases  passing  through  the  combustion  chamber  per 


a  For  dcOnitlan  ot  efflaency  72*  mo  "  £fflc4«Dcies 
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second  is  almost  entirely  a  function  of  the  cool  buroed,  or,  as  given 
here,  of  the  number  of  B.  t.  u.  supposedly  evolved  per  hour;  whence 
the  vt'locity  of  the  gases  as  they  pass  from  the  fuel  bed  to  the  boiler 
entrance  is  proportional  to  the  number  of  E.  t.  u.  supposedly  evolved. 
The  emphasis  is  on  the  word  "supposedly,"  for  it  is  hkely  that  the 
iiicoinpletoneas  of  combustion  increases  an  the  time  occupied  by  the 
pases  in  traveling  from  fuel  bed  to  boiler  decreases.  This  reduction 
of  time  for  combustion  is  i>erhaps  tlie  reason  for  the  common  remark 
that  when  a  coml)Ustion  chamber  is  "worked  too  hard"  its  efficiency 
decreases;  it  may  mix  a  large  volume  of  gases  as  thoroughly  as  it 
does  a  fraction  of  the  volume,  but  the  time  available  for  combustioa 
is  less. 
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Another  probable  <'»use  of  the  dnip  of  over-all  efhoiency  (efficiency 

of  furnace  and  f)oiIer)  is  the  fact  that  the  circulation  of  the  water 
insiile  of  the  l>oiler  does  not  keep  up  with  the  capacity.  Fig.  7 
shows  llmt  (he  circulation  of  water  d«H's  not  increase  in  proportion 
to  the  ciipacity  as  it  should.  The  consc(]ucnco  is  that  the  water 
(hiCH  not  tiike  the  heat  fast  enoujrh  from  the  inelal  of  the  boiler, 
■which  therefore  remains  hotter  at  the  biijlier  eupa<'ities.  When  the 
liciil-atiworbini;  sui-face  is  at  hiijher  temperature  h'ss  boat  is  avail- 
able for  the  lioiler,  and  hence  the  over-all  eHieiency  drops.  (See 
p.  i:i7.) 
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On  fomparing  the  curves  of  capacity  rise  of  figs.  5  and  8  it  will 
be  noticed  tliat  a  given  percentage  change  in  B.  t.  u.  supposedly 
evolved  is  accompanied  by  a  much  greater  change  In  capacity  than 
is  the  same  percentage  change  in  pounds  of  dry  coal  burned.  The 
explanation  is  that  as  the  pounds  of  dry  coal  burned  per  square  foot 
of  grate  become  less,  the  B.  t.  u.  evolved  do  not  on  the  average 
become  mucli  less,  because  some  high-grade  coals  burn  slowly ;  vice 
versa,  some  coal?;  low  in  heating  value  bum  rapidly.  The  capacity 
curve  of  fig.  8  maj'  well  have  less  slope  than  that  of  fig.  5.  In  study- 
ing the  curves  of  fig.  8  it  will  also  be  noticed  that  when  the  pounds  of 
drj'  coal  burned  per  hour  are  doubled,  efficiency  72*  falls  5  per  cent; 


whcroas,  referring  to  fig.  5,  when  the  number  of  B.  t.  u.  supposedly 
evolved  is  doiible<l,  efficiency  72*  falls  7  per  cent,  indicating  both 
more  incompleteness  of  combustion  and  poorer  heat  ab.sorption. 

Curves  determined  by  classificati<m  of  various  coals  on  the  basis 
of  pounds  of  dry  coal  burned  per  s(|Uare  foot  of  grate  per  hour  are 
only  approximate;  those  based  on  the  heat  supposedly  (or  osten- 
sibly) evolved  are  of  more  value.  The  only  correct  classification 
would  be  on  heat  actually  evolved  as  a  basis.  However,  this  involves 
the  (li'termination  of  the  losses  due  to  incomplete  combustion  of 
hydrocarbons  and  of  solid  ))articles  of  carbon  escaping  in  smoke,  and 
such  determinations  are  very  difficult  to  make,  perhaps  impossible. 
S400— Bull,  325— 07 2 
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COHBUSTIOK-GEAHBEa   TEHFEBATUBE. 

Fig.  9  shows  variation  of  temperature  with  firing  in  the  Heine 
furnace.  Variations  of  the  temperatures  in  the  fuel  bed,  over  the 
fire,  and  in  tlic  combustion  chamber  are  given  with  two  very  differ- 
ent coals.  These  temperatures  were  taken  with  the  Wanner  optical 
pyrometer  (fig.  10),  which  was  standardized  before  and  after  each 
t^eries  of  oliservat ions.     Evorj'  aeries  of  readings  was  taken  without 


disconnecting  Uie  pyrometer  from  the  battery-  after  the  standardiza- 
tion. Owing  Id  the  fact  tluif  only  (»tie  pyrimicter  was  available  the 
temperatures  were  not  taken  simultaneously.  Tlio  cliait  (fig.  9) 
shows  clearly  the  tlin'e  things  followin',': 

1.  During  and  shortly  after  each  firing  the  temperature  over  the 
fire  anil  to  .some  extent  the  (emperaturc  in  tlie  fuel  bed  drops,  and 
thu   teinper&turc  in  the  combvwtwii  i;.'\au\ber  rises.     The  explana- 
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tion  of  this  variation  is  that  the  distillation  of  ^'volatile  matter'' 
is  a  cooling  process  and  is  undoubtedly  a  partial  cause  of  the  drop 
of  temperature  in  the  fuel  bed  and  over  the  fire,  but  the  volatile 
matter  distilled  is  carried  into  the  combustion  chamber,  where  it 
burns,  causing  a  rise  of  temperature  there. 

2.  The  peaks  in  the  curve  for  combustion-chamber  temperature 
and  the  depressions  in  the  curve  for  over-fire  temperature  are  wider 
for  Ohio  No.  8,  a  coal  high  in  volatile  matter,  than  for  West  Vir- 
ginia No.  19,  a  coal  low  in  volatile  matter,  indicating  that  the  vola- 
tile matter  is  distilled  off  and  burned  in  shorter  time  in  the  Wes*- 
Virginia  coal  than  in  the  Ohio  coal. 

3.  Combustion-chamber  temperature  is  much  higher  with  Ohio 
No.  S  than  with  West  Virginia  No.  19,  wliile  fuel-bed  and  over-fire 
temperatures  are  higher' with  West  Virginia  No.  19  than  with  Ohi^^ 


Fig.  10.— Wanner  optical  pyrometer  in  position  for  standardizing. 

No.  S.  This  contrast  indicates  that  most  of  the  West  Virginia  No. 
19  coal  burns  on  the  grate  and  only  a  little  in  the  combustion  cham- 
ber, while  the  opposite  is  true  of  Oliio  No.  8. 

T\w,  two  similar  curv^es  of  fig.  11  are  based  on  all  tests  (126-355) 
having  combustion-chamber  temperatures  as  read  bj'  the  Wanner 
optical  ]>yrometers.  Coals  from  all  parts  of  the  countrj^  are  included. 
To  ()l)tain  the  upper  curve  the  tests  were  grouped  according  to 
pounds  of  dr}'  coal  burned  per  square  foot  of  grate  per  hour;  to 
obtain  the  lower  curve  they  were  grouped  on  10,000's  of  B.  t.  u.  sup- 
j)()se(lly  evolved  per  square  foot  of  grate  per  hour,  the  supposition 
IxMiig  that  all  of  the  potential  heat  is  liberated,  after  deducting  for 
the  loss  of  combustible  in  ash  and  for  CO  loss. 

The  rise  in  tem])erature  throughout  the  whole  range,  for  a  doub- 
ling of  the  base  values,  is  very  nearly  the  same  in  the  two  curves. 
A  significant  feature  of  both  curves  is  that  the  ^oiftfe\x^XKQ\^-Oaassisi«^ 


20  A   STUDY   OF   FOUR   HUNDEED  STEAMING   TESTS.    - 

temperature  rises  with  the  amount  of  heat  liberated  in  the  furnace; 
perhaps  be^^ause  conditions  of  combustion  grow  better  at  first,  on 
advancing  from  poor  coals  at  the  left  to  the  better  ones  m  the  center. 
Curves  No.  1  in  fi;^.  1  and  No.  1  in  tig.  3  show  the  direct  cause  of  the 
decreasing  rise  in  combustion-chamber  temperature. 


g 
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.r<'  lia.s(Ki  iin  one  class  i)f  coals — ^those  from 
lie  only  Ktrikiiig  .showing  is  tliat  the  code 
)  is  prartifiilly  conslaiil  througliout  the 
IcuipiTiiturc.  All  these  j-oals  are  apt  to 
jjiipoiinds  dillicult  to  burn,  and  thus  it  is  that  tlie  lower  the 
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percentage  of  oxygen  present  the  leas  complete  the  combustion,  not- 
withstanding tilt;  higher  temperature  resulting.  With  these  coals, 
tliert'fore,  the  <lccreasing  completeness  of  combustion  in  our  appa- 
ratus with  rise  of  temperature  seems  to  offset  the  increasing  efficiency 
of  the  boiler  as  a  heat  absorber,  which  is  only  altoiit  10  or  12  per 
cent  within  the  range  1,850°  to  2,850"  F,,  according  to  the  chart  on 
page  141. 

In  this  chart,  as  in  all  others,  where  capacity  is  shown  as  a  function 
of  furnace  temperature,  the  two  rise  together.  This  relation  will  he 
clear  nn  remembering  that  much  heat  \n  absorbed  through  the  tile 
roof  of  tile  furnace;  and  the  greater  the  amount  of  coal  burned  the 
less  in  percentage  will  this  absorption  amount  to,  so  that  the  tem- 
perature at  the  last  point  of  combustion  is  luglier. 
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Kig.  1.3  is  a  companion  to  fig.  14,  both  charts  being  based  on 
combustion-chamber  temperature. 

The  arrows  on  the  curves  of  fig.  1.3  indicate  which  coordinate  scales 
are  to  be  uwd  with  each.  Tliese  thirty  analyses  were  made  at  inter- 
vals of  twenty  minutes,  on  flue  gases  from  the  base  of  the  stack,  the 
comlmst  ion-chamber  gases  having  been  diluted  with  air  by  infiltra- 
lioii  after  entering  the  boiler.  The  curves  of  fig.  14  were  computed 
on  analyses  of  samples  (taken  half-hourly  during  about  sixty  tostt) 
fnnu  the  rear  of  the  combustion  chamber,  through  the  water- jacketed 
L'lis  sampler  (fig.  15)  descril>ed  on  page  154,  so  that  these  sample-s 
wore  probably  undiluted. 
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As  the  temperature  of  combustion  rises  the  oxygen  percentage 
drops  in  a  atra^ht-line  ratio  and  the  CO,  curve  rises  in  nearly  the 
same  way;  but  the  CO  curve  rises  sliarply  after  about  2,500°  F. 
(1,370°  C,  the  temperature  indicated  by  curve  Xo.  4  of  fig.  14) 
has  been  reached.  Of  course  the  composition  of  the  gases  as  affected 
by  temperature  probably  varies  from  coal  to  coal.  It  should  be 
remembered  that  on  the  wliolo  the  optica!  pjTometer  probably  indi- 
cated considerably  lower  tomjieraturcs  than  actually  existed,  because 
when  burning  short-flaming  coals,  or  when  running  at  the  lower 
capacities,  litthi  flame  was  visible,  and  the  instniiiient  was  pointed 
at  a  Hide  wall  visibly  cooler  than  even  the  clay-tube  tiles  forming  the 
furnace  roof. 
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Cun'e  N'o.  1  of  W'^.  14  shows  a  gradual  decrease  in  the  Orsat  totals 
a.s  the  Ifiiiporalure  is  raised,  accorupauiod  by  ro(luoe«l  air  supply. 
As  tilt'  U'lnperaturc  rises  the  vohiiiic  of  hydrocarbons  might  be 
expected  lo  increase,  but  Iheir  proportional  vohiine  would  be  so  small 
that  they  wiwdd  not  alTei-t  this  curve. 

Fig.  l(j  is  a  gi'a]>hi<;  represeiUation  of  therchition.  In  our  apparatus, 
of  combust  ion -chumber  IcriiiK-rature  to  flue  teiti]terjitiire  for  '1V2 
tests,  certain  tests  having  ilonbtful  readings  being  omitted.  Both 
temperatures  vW.  together.  It  is  notlccabic  llmt  the  eurvo  is  less 
sleep  in  the  upper  portion,  which  may  be  aceich'nlat.  Init  iuiiicutes 
that  at  higher  furnace  temperatures  the  boiler  al>sorbs  a  slightly 
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greater  percentage  uf  the  heat  available  to  it  above  steam  tempera- 
ture than  at  the  lower  furnatre  temperatures;  that  is,  the  tnie  boiler 
efficiencies  are  not  always  the  same.  But  no  reliable  conclusion  can 
be  drawn.     The  significance  of  the  curve  is  general  onh'. 

Fig.  17  shows  a  classification  of  217  tests  on  many  coals  from 
ail  parts  of  the  Unite«I  States  based  on  temperature  in  the  rear  of  the 
combustion  chamber.     In  general  the  poorer  coals  fall  at  the  left  of 
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Ihe  chart.  The  most  interesting  showing  (curve  No,  1)  Is  that  the 
code  ■■  boiler  efficiency"  (72*)  rises  only  2  per  cent  as  the  combustion- 
cluunbcr  temperature  rises  from  l.SOO"  to  2,700°  F.  This  showing 
is  in  «c<'ordantx'  with  other  charts  and  with  the  theory  of  boilers 
(leduceii  on  page  114,  all  being  to  the  effect  that  arise  of  about  1,000° 
V.  ill  furnace  temperature  improves  the  efficiency  of  the  boiler  as  a 
heat  absorber  only  about  10  per  cent.    Most  of  this  gain,  however,  is 
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olTset  by  incompletenoas  of  combuatinn  chargeable  to  the  restricted 
oxygen  supply  required  to  get  the  high  temperatures. 


|-B3^&^ 


Fin  IS.— WHtfir-JatkPtwl  gt 


Curve  Xo.  2  shows  a  ahglit  but  persistent  rise  of  CXD,  content  in 
flue  gaises  wilh  increasing  fumaf^e  temperatures,  as  is  reasonable;  it 
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ouglit    to  be  more  marked.     Air    infiltration  through  the   settings 
reduceil  the  CO,  percentage  by  10  to  35  per  cent  in  extreme  ca-ses. 

Cuire  N'o.  3  shows  a  decided  increase  m  the  amount  of  steam 
made  as  the  temperature  rises.  Since  capacity  is  the  comparative 
rate  iif  absorption  of  heat  by  the  boiler,  it  miist  necessarily  increase 
witli  the  rise  of  combustion-chamber  temperature,  if  the  equation 
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Km.  17.  llpl!»M(in»  nl  rombiiation-dianitict  icmperatiire  to  eRIdonoy  72*  (curvs  No.  II;  COi  In  flue 
Kiis.>s,  .■ssinplps  tflkpn  in  hood  (mrvn  No.  ■1\:  uniL  porwnl  ol  ralivl  pflparttj- ot  lioiler  <lBvelopp<i  (cun-e 
Ko.  :t>.    ClnHHinpil  on  romlHisdon-rhnmlwr  tcniperadiiv  ax  IiohIh:  testn  l.'iCMm, 

UMctl  in  the  derivation  of  Perrj-'s  equation  for  tnie  boiler  efficiency, 
driven  ')n  page   110,  Ih  true.     The   heat  absorbed  per  second  jwr  unit 

<if  hciiting  surface  is 

II  =  Opv  (T.-T.). 

Expressing  the  values  of  p  and  v  in  terms  of  T,,  we  have 
11=^  .Crr,.C(T,-TJ=K(T,-T,). 
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The  latter  equation  states  that  the  capacity  varies  directly  as  the 
difference  of  the  temperature  of  tlie  furnace  gases  and  the  temperar 
ture  of  the  steam. 

As  stated  in  the  description  of  the  baffle  wall  (p.  62),  the  con- 
stniction  and  location  were  so  chosen  as  to  have  the  stream  of 
gases  leaving  the  funiace  impinge  against  a  solid  part  of  the  wall 
and  break  into  many  smaller  streams,  thus  effecting  mixing.  It 
wa.s  intended  to  obtain  a  splashing  effect  similar  to  that  seen  when 
a  stream  of  water  is  directed  against  a  solid  wall.  That  some  such 
(»ff(M'.t  was  attained  was  indicated  by  the  high  temperature  taken 
through  the  opening  just  at  the  base  of  the  bridge  wall.  This  was 
invariably  the  highest  temperature  in  the  whole  combustion  space. 
Each  of  the  tem})eratures  given  in  th(»,  second  column  of  the  follow- 
ing table  is  the  average*  of  ten  readings  taken  with  the  JWanner 
pjTometer  at  five  different  places  in  the  furnace.  The^fc  readings 
were  taken  successively  through  the  side-wall  openings  from  front 
to  rear,  so  that  the  averages  may  be  (considered  to  represent  simul- 
tan(H)Us  temperatures  at  all  five  places.  Twenty-four  readings  were 
also  taken  in  tlu^  same  way  by  an  exposed  platinum  and  platinum- 
rhodhim  (•(ni])le,  connected  to  a  galvanometer  reading  in  degrees 
centigrade,  giving  the  average* temperatures  at  four  places,  as 
shown  in  the  third  column  of  the  table. 

Fixnuice  temperature  readiiujs  (teM  359). 


riacv 


Wannor       (ialva- 
■  pyrometer,  uomoter. 


Fii.  I  U'(\ 2,470  913 

() vcr  (i H' !  2,58<»    

Over  l.ridp'  wjill !  2,H2<1  1 .075 

Hiisc  of  hriMp'  \v:ill 2,aS0  ,  l,2fiO 

IWnr  of  cMiiiluistioii  cJiainlxT 2,447  ]  l,03.'i 


Th(»  tem])erat Tires  taken  with  the  thermoelectric  couple  have  only 
relative  vahie,  and  are  hi  fact  nuich  too  low,  the  galvanometer  hav- 
ing hcvn  recently  repaired  so  that  the  divisiims  cm  the  scale  were 
not  true  degrecvs  c(»ntigra(le.  The  couple  Tised  had  an  exposed  junc- 
tion projecthig  from  the  end  of  a  ij-inch  iron  pipe. 

A.  S.   M.  E.  CODE  BOILER  EFFICIENCY  (72*). 

Fig.  IS  consists  of  two  charts.  In  the  upper  chart  293  tests  are 
grouped  according  to  efliciencv  72*,  the  averages  })eing  plotted  for 
each  group  of  the  percentages  of  (X)  and  C(X,.  All  the  higher 
efliciencies  have  low  CO  values  and  the  lower  efliciencies  high  CO 
vahies.  The  higher  efliciencic^s  have  higher  C'O^  vahu\s  than,  the 
lower  (efliciencies,  of  course,  though  not  much  higher.  The  CX) 
curve  (No.  1)  should  be  coiuj)ar(Hl  with  curve  No.  3  of  fig.  19,  which 
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that  high 


is  based  on  the  same  tests.     The  implication  is  the  s 
CO  is  a  danger  signal. 

In  the  lower  chart  ihc,  same  293  tests  are  classified  according  to 
the  ]>cr(',cntagc  of  CO,  in  the  flue-gas  analyses.  The  points  plotted 
are  the  averages  of  the  code  "boiler  efficiencies"  (72*).  It  is  evi- 
dent that  when  once  the  COj  content  gets  beyond  9  per  cent  at  the 
rear  of  the  combustion  chamber  only  about  1  per  cent  more — at 
most  only  2  per  cent — is  to  be  gained  by  raising  it  higher.     The  per- 


3. ::p  =  ~j.h.  „ , 

i.  j_. —  » 

"              " "       E 

S                                                                                                              .&..-' 

S-                                               TO.      ,        ,     i-a-       -rf::- 

j  ■ U «.---ti,S.    ®-.a:± 

1                       1    1    1        1 

.:                           e,---sr     .6                u 

Si 

^' 

s.       ,                 ^                                                            ,      -          -- 

3.,                   z 

£.                    ^ 

"'e   V'W~ 

+     4      1                            -                ' 

Kiii.  I>c.— U.>l:ili"iis  (il  fiTlflpTicy  72*  to  iwr  cent  of  CO.  stack  sample  (ciirvc  No.  11;  per  cent  ol  COi, 
stack  tuimplc  Inin-nNo.  2):nndpcroiTit  oiro,  (piir.-nNo.  S).    Tests  89-«)l. 

{■(■niaire  of  CO,  in  the  furnace  and  boiler  were  really  about  20  per 
(fill  higher  on  tJie  average  than  here  mentioned  because  of  an  air 
iiirLltration  IJirougli  the  settings  amounting  to  10  per  cent,  or  50  per 
cent  of  the  volume  present  in  the  rear  of  the  combustion  chamber. 

Tlicrc  is  a  general  resemblance  between  curve  No.  3  and  the  curve 
ill  fig.  liO  labeled  "Heat  absorption  as  affected  by  conibnstion- 
cliuirrber  temperature."  The  latter  curve  is  closely  dependent 
(tlieorelicalhO  on  the  COj  content,  and  it  probably  is  no  mere  cyaia.- 


28  A   STUDY   OP   POUR   HUNDRED   STEAMING   TESTS. 

cidencc  that  tlio  two  curves  have  much  tlie  same  shape.     The  same 
remark  applies  to  the  aiialo}:;oiis  curve  of  fig.  6  (p.  15). 

Fig.  21  represents  an  attempt  to  find  relations  between  per  cent 
of  sulpliur  in  coal  (separately  determined),  per  cent  of  clinker  in 
refuse,  and  "hoiler  efTiciency"  (72*).  It  is  agree<l  that  clinkering 
is  a  consequence  of  the  effects  of  high  fuel-bed  temperature  on  such 
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fonn  of  "black  siilpliur,"  so  finely  distributed  as  to  be  invisible,  it 
is  luost  troll blesome.  From  these  remarks  it  is  evident  that  the 
boiler  room  is  not  the  proper  pla<;e  to  make  a  scientific  3tndy  of 
olinkering,  but  that  it  should  be  taken  up  in  the  laboratory  along 
the  fi>lloi\Tng  lines:  (1)  Ash  analyses;  (2)  experimental  determina- 
tion of  fusing  points;  (3)  ascertaining  the  distribution  of  the  ash 
and  its  various  constituents  throughout  the  coal. 

To  determine  the  fusing  point  of  ash,  all  the  combustible  in  the 
ash  should  be  burned  out  at  the  lowest  possible  temperature.  The 
a-sh  could  then  be  made  into  Seger  cones,  which  coiild  be  heated  in 
a  furnace  and  the  temperature  read  with  a  jijTometcr. 
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The  distribution  of  the  ash  might  be  determined  by  laboratory 
washing  processes.  One  nietho<l  of  doing  tliLs  would  be  to  prind  the 
coal  to  a  certain  fineness  and  float  it  successively  on  solutions  of  potas- 
siiim  hydroxide  of  var>nng  per  cent  dilution. 

The  chemical  division,  under  the  guidance  of  N.  W.  Lord,  is  cariy- 
ing  on  some  of  the  above  investigations,  and  the  writer  is  indebted 
to  him  for  ex|>lanations  of  methods. 

Notwithstanding  the  probability,  implied  above,  that  sulphur  does 
not  Jiave  a  great  deal  to  do  with  the  formation  of  clinker,  it  was 
thou<:ht  well  to  find  out  whether  in  general  it  helps  or  hinders 
elliciency. 
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Tho  upper  half  of  fig.  21  contains  tests  classified  according  to 
"boiler  efficiency"  (72*).  In  curve  No.  I  eacli  point  is  the  average 
of  tho  per  cent  of  clinker  in  refuse  for  each  group  and  in  curve  No,  2 
of  the  per  cent  of  suiplmr  in  coal.  At^cording  to  curve  No.  1,  the 
coals  giving  liigh  elficiencics  are  apt  to  form  a  very  slightly  smaller 
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percenlat^c  of  clinker,  and  ficconUnii  I 
tests  lire  likely  1o  I.e  niiulc  on  c.xils  lo 
ratlwr  marked.  However,  it  must  Ik 
coals  arc  usually  high  in  as\\  aVso. 


I  curve  Xo.  1*  ilie  high-efficiency 
I'  in  siilpiiitr,  tliis  reliiliun  being 
reineinhered  thai  high-sulphur 
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The  indications  of  the  curves  of  fig.  21,  regarding  the  effect  of 
sulphur,  are  at  sHght  variance  with  those  of  fig.  28  (p.  43). 

Carefid  records  were  kept  regarding  the  appearance  and  distribu- 
tion of  the  ash  of  each  coal,  but  time  has  not  been  found  to  study 
and  classifv  the  information. 

The  lower  half  of  fig.  21  was  obtained  by  classifying  the  same  tests 
according  to  the  per  cent  of  clinker  in  the  refuse,  which  was  done  in 
order  to  determine  the  effect  of  clinker  on  eflficiency.  In  curve  No.  3 
the  heavy  line  gives  full  weight  to  16  tests  on  coals,  some  of  which 
were  of  lignitic  character  and  formed  no  clinker,  but  gave  rather  low 
eflficiencies.  Even  considering  this  fidl  portion  of  the  line,  instead  of 
the  dotted  ])ortion  above  it,  the  clinker  hardly  affects  efficiency  until 
it  reaches  about  45  per  cent,  above  which  there  is  a  rapid  drop. 
Curve  No.  4  indicates  that  high  percentage  of  clinker  accompanies 
high  sulphur  content;  but  it  must  be  borne  in  mind  that  perhaps 
sulphur  of  itself  has  little  to  do  with  fusibiUty  of  ash  and  that  the 
iron  whi(;h  is  combined  with  a  part  of  the  sulphur  is  only  one  of  the 
factors  in  clinkering. 

The  classification  of  the  relation  of  efficiency  72*  to  the  sum  of 
the  percentages  of  ash  and  sulphur,  given  in  the  following  table,  was 
made  by  using  92  tests  on  coals  from  Illinois,  Indiana,  and  Ji^en- 
tucky,  all  of  which  are  much  alike.  To  be  more  certain,  the  work 
was  done  in  two  ways — by  classifying  the  tests  in  groups  of  efficiencies 
and  in  groups  of  ])ercentages  of  ash  plus  sulphur.  The  latter  classi- 
fication is  not  here  given.  The  tests  selected  lay  between  Nos.  126 
and  401  and  were  more  comparable  than  if  some  earlier  ones  had 
been  included. 

There  was  no  special  reason  for  using  the  sum  of  the  percentages 
of  ash  and  sul])hur  except  that  it  is  sometimes  stated  without  quali- 
fication that  ash  and  sulphur  affect  efficiency.  The  conclusion  is 
that  the  sTim  of  ash  and  sulphur  has  no  visible  effect  on  efficiency  72*. 

Clcuifiijicution  ofnrerayc  umh  plu^  sulphur  on  basis  ofeMciericy  72*  {Indiana,  Illintris,  and 

lifstem  Kentucky  coau). 


Efllciency  72*. 


Up  to 
I    57.5. 

Nuinl w»r  of  tosts 1 

Average  olficienoy  72* '    55. 93 

Avorapo  ash  ])liis  sulphur  in  dry  coal I    18.89 


57.5  to 
60.0. 

5 
58.92 
14. 22 

fiO.O  to 
f)2.5 

8 
61.39 
15.93 

62.5  to 
65.0. 

fM.O  to 
67.5. 

67,5  to 
70.0. 

'" 

28 
63.97 
16. 65 

29 
66.16 
16.60 

17 
68.50 
15. 41 

0.0  uj). 


4 
70.82 
15. 86 


It  was  early  noticed  that  the  second  test  on  a  coal  w^as  generally  no 
better  as  to  over-all  efficiency  than  the  first.  An  inspection  of  the 
first  hundred  tests  or  so  confirmed  this  opinion.  Only  tests  made  on 
the  same  shipment  of  the  same  commercial  grade  of  coal  were  com- 
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pared;  for  instance,  if  the  first  test  was  run  on  a  nut  size  and  the 
second  on  screenings,  these  tests  were  not  used. 

It  was  usually  the  case  that  the  man  nmning  the  fire  learned  much 
the  first  day  which  was  beneficial  to  the  later  tests,  but  which  was 
more  than  offset  by  other  factors.  For  instance,  owing  to  the  posi- 
tion of  the  chutes  that  discharge  coal  into  the  boiler-room  bins  and 
to  the  slo])ing  bottoms  of  the  bins  the  largest  coal  is  obtained  the 
first  day. 

The  following  tabulation  has  been  made  on  196  tests  and  shows 
that  one  test  on  a  coal  is  sufficient : 

Aicrafjis  ofjire  sfriitt  of  tests  for  ejjlcieiivy  72*. 


First    Swond!  Third 


tests,     tests. 


Nuinlx'r  of  trsts  jiviTup'd 
Average  ellieieney  72* 


77 


77 
<Wi.02 


tests. 


32 

65.87 


Fourth 
tests. 

Fifth 
tosta. 

8 
64.09 

2 

67.76 

The  odiciency  72*  is  that  of  the  furnace  and  boiler  combined,  figured 
from  pounds  of  *^ combustible'^  actually  ascending  from  the  grate. 

MOISTTJBE  nr  GOAL. 

The  two  curves  of  fig.  22  are  based  on  the  same  tests.  The  upper 
curve  is  somewhat  misleading,  because  the  poorer  coals  contained 
on  the  average  more  free  moisture.  Just  what  effect  diflFerent  per- 
centages of  free  moisture  would  have  in  the  case  of  the  same  coal, 
reckoning  above  dry  coal,  is  still  undetermined.  Tliis  line  of  inves- 
tigation will  })e  taken  up  in  the  future.  This  curve  merely  indicates 
that  coals  liigh  in  free  moisture  shoidd  l)e  suspected  and  watched, 
especially  when  burning  them  in  furnaces  of  this  particular  tji^e. 

The  great  variability  of  tlie  lower  curve  suggests  that  ordinar}" 
])ercentages  of  asli  liave  little  effect  on  efliciency,  and  tliat  the  best 
efliciencicvs  an^  obtained  only  with  low  ash.  No  doubt  other  appliances 
and  furnaces  vnw  available  wliich  would  give  better  results  on  dirty 
coal  than  have  been  obtained  by  hand  firing  on  a  ])lain  grate. 

ASH  AND  CLINKER. 

fn  order  to  eliminate  one  Jionunifornn'ty  in  testing  for  the  effect 
of  percentage  of  ash  in  coal  as  fired  on  efficiency  72*,  only  the  coals  from 
Illinois,  Indiana,  and  western  Kentucky  were  used.  The  subjoined 
table  shows  that  for  the  range  of  ash  in  these  coals  the  efiiciency 
Lcj  almost  constant. 

Fig.  22,  in  wliich  all  the  coals  tested  arc*  classiii(»cl,  shows  the  effect 
on  (»fliciency  72*  of  percentage  of  ash  in  coal  as  fired. 
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ClnssifenliiMi  of  ejlicieTuy  Ii*  on  ha»\s  nf  per  cent  of  ash  (prorii 
fired  (Iniiian/t.  Illin<n>,  and  western  Kentiieki/ 


1to6. 

0to8. 

8  to  10. 

10  to  12.;  12  to  H. 

<t<,16- 

6  to  IS 

18  to  20 

us:  S3 

7.20 
6S.81 

8.<K> 

22'         19 

io.se  1   13. M 

65.01       B5.«* 

'A'^ 

iS:S 

Av«K^p.r™t 

"'  Buh  in  cmU  u 

18  81 

AvtniBOpmi'ieiw> 

M.2T 

The  subjoined  tabic  indicates  that  very  few  coala  bum  without 
clinker.  Of  the  few  which  do,  thoae  high  in  sulphur  are  lignites. 
Pennsylvania  No.  7,  of  test  307,  was  exposed  to  weather  for  four  and 
a  half  months  before  it  was  tested.    The  same  coal  when  tested 


(lest  I'.IS)  soon  after  it  arrived  at  the  plant  formed  clinker  amounting 
to  more  than  one-half  of  the  total  ash. 

The  temperatures  at  which  the  hgnites  were  burned  are  rather  low, 
and  it  is  j»robable  that  they  might  have  clinkeTe4'm^^ffl^^«N^'^*-- 
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tures.    The  cunclusion  must  not  be  drawn  that  some  coals  repre- 
sented in  this  table  did  not  clinker  because  they  were  low  in  sulphur. 

CoaU  burned  icithoul  producing  clinktr. 


T«st 

Cofll, 

■  'fl^d.'' 

:  39a 

1    39S 
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The  cnrvt's  of  fig.  21  (p.  3U)  show  that  the  efHciency  as  based  on 
the  coal  ascending  from  the  grate  (72*)  is  not  influenced  by  the  per 
cent  of  clinker  in  refuse  until  the  latter  exceeds  45  per  cent,  after 
which  the  cfiieiwicy  drops  3  or  4  per  cent.  Inasmuch  as  clinker  may 
prevent  fine  coal  from  falling  through  the  grate,  the  same  classifica- 
tion was  inado  to  Jearn  how  per  cent  of  chnker  in  refuse  affected  code 
item  7:i,  w^hich  is  the  over-all  efficiency  of  boiler  and  grate.  This 
classification  is  given  in  the  following  table.  There  is  only  s  slight 
tendency  for  <'fn<'i('ncy  to  <locrcase  at  the  high  clinker  values,  whence 
the  deduction  can  be  made  that  although  clinker  may  liinder  com- 
bust ion  it  saves  almost  enough  fine  coal  to  compensate  for  its  bad 
offi'cls.  1  Towever,  it  .should  bo  noted  tiiat  the  tests  showing  extremely 
higli  clinker  wen;  few  in  number. 


(■hm>,ifr„lw„nf,-_!lki 


on  basu  if  i>fr  rent  of  dinkrr  \n  refuse. 


Clinker  is  an  interesliiig  item,  a.s  it  gets  the  blame  for  many  things. 
Kii."^.  L'l  itiid  2;!  treat  some  ph)is<^s  of  the  subject,  but  the  subjoined 
tiil.lo  lia.s  n->t  be-'ii  plotted. 

Tlic  impression  is  general  that  ii-on  causes  clinkering.  The  tabu- 
laliiin  partially  confinns  the  impression,  us  the  percentage  of  iron  in 
diy  coal  iiicreiises  in  general  with  the  clinker.  Xeverlheles!*  iron  is 
only  one  cause  uf  cHnker,  and  its  presence  in  considerable  quantity 
doe.s  not  nece.ssarilv  mean  that  a  coal  will  clinker. 


BELATIONS   OF   TEST   DATA.  35 

nf  per  rent  of  iron  on  basis  of  jier  c€nl  of  dinkcr  in  refute. 
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The  curvf^s  of  iig.  24  present  a  classification  of  tests  on  the  basis  of 
per  cent  of  clinker  in  refiiae.  (See  also,  discussion  of  fig.  28,  p.  43.) 
The  table  on  page  41  was  compiled  with  the  object  of  ascertaining 
whether  any  relation  exists  between  the  amount  of  clinker  and  the 
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ion  bctvetn  ratio  of  per  ce 


to  percent  oltwhtn coal  (j 


average  size  of  the  coal  and  shows  that  tliere  is  very  little  such  relation. 
One  significant  feature  showTi  is  that  the  highest  value  of  average 
size  of  c<nil  is  grouped  with  the  highest  value  of  percent  of  cHnker, 


The  c^l^^'es  of  fig.  25  show  a  classification  of  coals  on  the  basis  of 
cjirbon-hj-drogen  ratio.  It  may  be  noted  that  as  the  per  cent  of 
clinktT  decreases  the  per  cent  of  CO  loss  decreases;  in  fact,  the  two 
<'iir\('.s  are  noarly  parallel.  The  efficiency  72*  curve  varies  inversely 
wilh  (lie  CO  lo.ss  and  clinker  cur\'es.  The  curve  of  average  diameter 
on  this  chart  shows  that  tlie  largest  sizes  of  c^al  and  highest  values  of 
clinker  arc  grouped  together.     The  pounds  of  dry  chimney  ^%s«ai^-s 
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{xiuudof  "  CO)  1 1  bust  i  bio"  uroahiiostof  constant  value.  This  relation  is 
a  comiboratiun  of  the  toxt  relating  to  fig.  2S  (j).  43)  regarding  incom- 
plete conibuslioii  and  the  decrease  of  cfliciencj'  72*  by  the  foniiation 
of  clinker. 

It  is  also  likely  that  althimgh  the  size  of  coal  Imrned  can  not  be 
determined  by  the  amount  of  clinker  formed,  it  is  jiossibie  to  es(i- 
mate  the  amount  of  clinker  that  will  result  from  burning  different 
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sizes  1)1'  iLe  same  kind  iifcoid.  With  any  one  kind  of  coul  the  amount 
(if  eliiikrr  f.u-iLie<i  is  Tvlatwl  U>  the  dislribiKioii  and  the  nature  of  the 
asli.  (ieiierallv  ihc  ash  is  dislrihiited  ibnmjrh  the  cual  in  (bin  or 
Ihi.'k  l;iyei-s.  In  ,■,.;,!  wlii.'h  is  <-i'iisbed  U>  small  sizes  lliese  layers 
hi'eoiiie  sc|)aral('d  frum  the  coal;  and  when  .surh  cnislied  <'oal  is 
lIiro«ii  iiih.  the  fiinii.ee.  ihe  imrlieh^s  „r  a-.;i,  lieiii^' heavier  than  the 
coal,  .•yoon  jm-s.s  down  into  vUu  liuldti'  layci-s  of  awh  and  fuel  near  the 
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grate  and  are  therefore  not  heated  to  a  teniperalurc  high  enough  to 
iiieH.  In  iurgp-sized  coal,  on  the  other  hand,  the  ash  remains  more 
in  the  lumps  of  coal  and  is  held  near  the  top  of  the  fuel  bed,  where  the 
temperature,  is  usually  above  the  melting  point  of  the  ash. 

In  plotting  the  cur\'es  of  fig.  23  {p.  35)  an  attempt  was  made  to 
determine  the  effect  on  etiiciency  72*  of  per  cent  of  iron  in  coal  as 
fired.     The  ratio  of  iron  in  coal  to  ash  in  coal  was  taken  as  a  basis, 
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Ix'ciiuse  it  seemed  that  there  was  a  close  relation  between  the  two; 
for  instance,  a  lai^  amount  of  ash  and  a  high  iron  value  would  not 
ho  expecte<l  lo  cause  as  much  trouble  as  a  high  iron  value  and  a  low 
p<T(en(age  of  ash. 

Since  only  about  60  iron  determinations  wore  available,  it  seemed 
best  to  i)lot  the  individual  points  instead  jf  ave,rft,%ie.  ^o\a.\A-    "^Vta 
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slope  of  the  band  inclosing  the  points  shows  that  the  ratio  of  iron  in 
coal  to  ash  in  coal  has  perhaps  a  shght  effect  on  efficiency  72*.  This 
effect  is  probably  due  to  the  formation  of  nonporous  clinker. 

The  relation  of  iron  in  dry  coal  to  clinker  in  refuse  was  ascertained 
by  classifying  the  data  on  the  basis  of  per  cent  of  clinker,  the  results 
showing  a  large  increase  in  per  cent  of  iron  as  the  per  cent  of  clinker 
increased.  See  text  relating  to  figs.  24  and  28  (pp.  43-44)  and  table 
on  page  35. 

L.  II.  Hartley  Smith,  writing  to  Power  in  1905,  called  attention  to 
the  fact  that  the  refuse  drawn  from  the  ash  pit  and  off  the  grate  when 
cleaning  fires  seemed  to  contain  less  carbon  when  the  percentage  of 
clinker  was  high.  An  inspection  of  the  data  of  a  few  of  our  tests 
confinned  the  observation,  and  later  the  following  tabulation  was 
made  on  about  370  tests.  The  probable  explanation  is  that  when 
clinker  forms  on  the  grate  it  keeps  fine  coal  from  falling  through. 

Clansifiration  of  per  cent  of  comhnstihlc  on  hastis  of  per  cent  of  clinker  in  refuse. 
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Sulphur  is  an  undesirable  element  in  coal.  It  generally  occurs  in 
combination  with  iron,  as  iron  pyrites,  and  in  combination  with  cal- 
cium, as  calcium  sulphate  or  gypsum.  Pyrites  can  readily  be  recog- 
nized by  its  heavy  weiglit,  l)riglit  brasslike  color,  and  crystalline 
stnicture.  The  calcium  sulphate  occurs  in  small,  thin,  white  flakes, 
more  or  less  trans])arent.  Of  the  two  sulphur  compounds,  the  ])y- 
rites  is  generalh'  contained  in  larger  quantity  in  coal,  and  is  harmfid 
because  it  increases  tlie  tendency  of  the  coal  to  clinker.  The  clinker- 
ing  is  es])ecial]y  bad  if  the  percentage  of  asli  is  small  in  proportion  to 
the  sulphur.  In  such  coals  the  ])vrites  and  the  ash  fuse  together 
and  form  a  thin  layer  of  solid  clinker,  which  effectively  stops  the 
passage  of  air  through  tlie  grate,  thereby  permitting  the  grate  bars 
to  become  heated  from  tlie  hot  fuel  bed  just  a})ove.  The  clinker 
then  melts  down  into  the  spaces  between  tlie  })ars  and  the  sulphur 
seems  to  combine  with  the  iron  of  the  grate.  The  heat  warps  the 
grate  bars,  and  the  clinker  has  such  corrosive  action  on  the  hot  iron 
that  a  set  of  grate  bars  is  destroyed  in  the  course  of  a  few  days. 
AMien  such  clinkering  occurs,  any  attem])t  to  slice  the  fire  fails,  and 
onlv  slow  and  vcm'v  difficult  cleaning  of  the  fires  will  remove  the 
clinkers.  Ordinarily,  with  coals  forming  loose  clinkers,  the  cleaning 
of  the  fires  took  from  seven  to  twelve  minutes. 

Vi/Xiiiia  Xo.  4,  AYest  Virginia  Xos.  14  and  15,  and  most  of  the 
Kansas  conh  clinker  badly  \>eea\\so.  \\\e  v\s\\  \s \v>»\n  '\\\  ^\ci^ortion  to 
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the  sulphur  content — 0.3  to  6  per  cent  of  sulphur  and  3.5  to  10  per 
cent  of  ash.  When  such  coals  are  burned  on  a  plain  or  a  rocking 
grate  trouble  with  clinkers  may  generally  be  prevented  by  blowing 
steam  under  the  grate.  The  usually  assigned  cause  of  this  effect  is 
that  as  the  steam  passes  through  the  hot  clinkers  it  is  decomposed 
into  hydrogen  and  oxygen.  This  decomposition  is  a  cooling  process 
and  the  heat  needed  to  effect  it  is  taken  from  the  grate  and  the  hot 
clinker,  thus  keeping  the  latter  cool  and  preventing  the  fusing  of 
the  clinker  into  the  grate. 

The  use  of  steam  to  prevent  the  clinkers  from  melting  into  the 
grate  w^as  found  to  work  satisfactorily  with  all  the  coals  high  in  sul- 
phur and  ash.  However,  for  coals  very  low  in  ash  this  method 
sometimes  proved  to  be  insufficient.  In  such  cases  crushed  lime- 
stone spread  over  the  thin,  clean  fire  bed  immediately  on  starting 
the  test,  prevented  the  clinkers  from  adhering  to  the  grate,  and  was 
used  for  the  second  tests  on  West  Virginia  No.  14  and  Virginia  No.  4 
coals.  The  cleaning  of  the  fires  after  the  first  tests  on  these  coals, 
when  limestone  was  not  used,  took  forty-five  and  thirty  minutes, 
respectively.  On  the  second  tests,  when  limestone  was  used,  the 
cleaning  took  eight  and  ten  minutes,  respectively. 

To  make  a  general  statement,  it  may  be  loosely  said  that  the  tend- 
ency of  a  coal  to  clinker  varies  directly  with  the  sulphur  (iron  pyrites) 
and  inversely  with  the  ash  in  the  coal. 

The  statements  of  this  paragraph  regarding  the  eflFect  of  sulphur 
are  at  slight  variance  with  those  on  page  34. 

The  curves  of  fig.  26  are  based  on  286  reliable  tests,  classified 
according  to  each  of  the  two  items,  per  cent  of  ash  (ultimate  analy- 
sis) in  dry  coal  and  over-all  efficiency  (item  73),  the  latter  being  the 
ratio  of  the  heat  put  into  the  water  to  the  potential  heat  in  the  coal 
put  on  the  grate.  Examination  of  the  upper  curve  shows  that  the 
ash  affects  the  efficiency  by  only  2  or  3  per  cent  until  the  ash  content 
rises  above  20  per  cent,  when  the  efficiency  falls  rapidly;  however, 
not  so  many  tests  are  represented  in  the  last  two  points  of  the  curve 
as  in  the  others. 

The  lower  curve  shows  the  same  fact  inversely — that  is,  the  high- 
efficiencv  tests  are  on  coals  low  in  ash.  It  indicates  that  an  ash  in- 
crease  of  1  per  cent  causes  a  drop  in  efficiency  of  about  2  per  cent, 
whereas  the  upper  curve  indicates  a  general  drop  of  about  0.5  per 
cent  in  efficiency  for  each  per  cent  of  ash,  or  only  one-fourth  as 
nuich.  The  average,  then,  is  about  1  per  cent  decrease  in  efficiency 
for  1  per  cent  increase  in  ash.  The  five  points  at  the  left  end  of  the 
lower  curve  contain  tests  on  clean  lignites,  and  are  therefore  really 
not  comparable  with  the  other  points.  These  five  tests  are  indi- 
vidually given  in  the  subjoined  table. 
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'Yh.6  two  curves  sliow  that  ash  is  iin<k'simblo;  but  even  so,  the  coin- 
mereitil  choice  of  coals,  so  far  as  ash  is  coiiccrnetl,  is  more  a  question 
of  market  price,  freiylit  rates,  labor  costs,  ami  storage  capacity,  and 
of  whether  or  not  the  present  boiler  plant  is  crowdeil. 
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I  si/j'  luis  TIC.  .■vi.ioiK  iiilhiciice  on 
;  as  staled  iiiidiT  "Classilicntion 
"  {]).  47).     These  two  tables  are 
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Cliusijidilinii  of  nveraije  iliameltT  of  coal  on  ban*  of  per  tent  of  dinkcr  in  Ttfuae. 
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The  curves  of  fij;.  27  are  plotted  from  the  results  of  about  300  tests, 
and  differ  from  those  <)f  fig,  26  in  being  based  on  the  per  cent  of  ash  In 
coal  as  fired  instead  of  in  dry  coal.     Thus  the  ash  is  always  less  than 


m 


^-\ 


m 


!urc(°F.)  (curve  .■.'^  <);  poundsoidrjchimnej 
in-hydrogen  ratio  iidry  coal  (cur\'e  No.fi);  nn 


ill  Ihe  (in-coal  i>ercentage,  but  by  varying  amounts,  which  perhaps 
ox|>iiiiiiK  the  greater  irregiifarity  of  the  code  " boil<jr-eS&.tteM:7s"  X-tor. 
(72*),  (compared  with  tlie  analogous  Vine  «i  ftig,.  1^,\taseftL  <oti.  ovie^-*^ 
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efficiency  (code  item  73).  The  tendency  of  the  72*  line  to  fall  is 
apparent. 

A  ijlance  at  curve  No.  2  shows  that  ash  has  a  worse  effect  on  amount 
of  steam  generated,  the  decrease  of  which  is  considerable,  than  on 
efficiency. 

Curve  No.  3,  combustion-chamber  temperature,  shows  a  steady 
drop  of  a  few  hundred  degrees  due  to  increasingly  poorer  fuel-bed 
conditions  along  with  falling  rates  of  steam  generation. 

Curve  No.  4,  flue-gas  temperature,  shows  a  slight  drop  on  account 
of  lower  furnace  temperatures. 

Curve  No.  5,  the  pounds  of  dry  cliimney  gases  per  pound  of  ''com- 
bustible," shows  a  marked  and  steady  rise  which  is  the  chief  reason 
for  the  decreasing-fumace  and  flue-gas  temperatures  just  referred  to. 
It  is  usually  hard  to  keep  the  fuel  bed  in  good  condition  when  a  coal 
is  high  in  ash. 

Curve  No.  6  gives  the  averages  for  each  group  of  the  ratios  of  the 
carbon  to  the  total  hydrogen  in  the  dry  coal.  This  line  drops,  show- 
ing that  the  coals  become  })oorer.  The  coals  in  the  left-hand  groups 
contain  less  oxygen  in  their  molecules,  so  that  their  hydrogen,  though 
decreasing  in  percentage,  is  available  in  larger  amount.  The  fact 
that  on  going  to  the  right  the  carbon-hydrogen  ratio  decreases  partly 
accounts  for  the  falling  efficiencies  shown  by  curve  No.  1.     (See  p.  68.) 

Curve  No.  7,  per  cent  of  completeness  of  combustion"  (E3),  indicates 
approximately  the  percentage  of  total  heat  liberated  from  the  coal 
which  ascended  from  the  grat(\  It  rises  decidedly  toward  the  right 
in  spite  of  the  })oorer  fuel-bed  conditions.  The  explanation  is  that 
inasmuc^h  as  the  furnace  temperature  was  almost  always  above  the 
ignition  temperatures  of  all  the  combustible  gases  and  smoke  parti- 
cles j)resent  combustion  was  retarded  more  on  the  left  than  on  the 
right,  because  less  oxygen  was  ])resent.  For  this  reason  more  of  the 
possible  heat  was  generated  with  the  higher  ash  coals. 

It  is  worthy  of  note  that  th(»  liigh  and  low  efllciencies  (72*)  in  each 
grou])  (values  not  shown  here)  do  not  vary  much  between  groups. 
Conimerciallv  this  similarity  of  hio;liest  efficiencies  means  that  buv- 
ing  coal  on  the  basis  of  ])er  cent  of  asji  sliown  by  proximate  analysis 
of  coal  as  fired  is  an  uncertain  matter  so  far  as  o])taining  high  effi- 
ciency thereby  is  concerned.  Classification  of  the  tests  made  on  llli- 
nois,  Indiana^  and  western  Kc^ntucky  coals  on  an  ash  basis  shows  no 
more  tlian  the  minor  importance  of  ash  above  mentioned. 

In  making  tests  on  sized  coal,  as  given  on  pages  45  to  48,  there  would 
be  an  oj)portuiiity  for  research  on  the  ([iiestion  of  j)er  cent  of  ash  as 
alTecting  the  results  of  boiler  trials.  Coals  of  the  same  size  could  be 
classified  on  the  basis  of  ])er  cent  of  ash  and  the  effect  of  the  ash  thus 
studi(»d  sej)arately  from  the  effect  of  size.      It  does  not  seem,  how- 

aSw  glossary  (i>.  ISlj,  under  "  Efliclcnoics." 
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ever,  that  for  the  ran^^  of  per  cent  of  ash  found  in  coal  this  investiga- 
tion would  he  important,  for  it  is  not  the  amount  of  ash,  but  its  com- 
])osition  and  distribution,  that  affects  the  results  of  a  steaming  test. 

With  a  knowledge  of  ash  composition  it  could  be  decided  how  the 
coal  was  to  be  bumed.  For  instance,  a  coal  which  did  not  chnker 
badly,  but  which  bumed  leaving  free  ash,  would  be  bumed  under 
ideal  conditions  on  a  rocking  grate  no  matter  how  high  the  per  cent 
of  ash.     A  coal  which  cUnkered  badly  at  high  temperatures  should 
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ntot sulphur  in  ooal  to  boiler efndenoy  72*  (oiirve  No. Ij:  pore 
■li)  (turveNo.2);  pouadsof  rlry  chlmocy  gasos  por  puunilof  "co 
stlon-chamber  WmperaturB  ('F.)  {curvB  No.  i)    Tests  StMOO. 


be  friisified  at  a  low  temperature,  thereby  avoiding  an  amount  of  clink- 
oring  that  would  stop  up  the  air  passages  and  also  preventing  clinkers 
from  adhering  to  the  grate.  It  is  a  study  of  ash  composition  along 
with  the  manner  of  distribution  of  the  ash  in  the  coal  that  is  needed. 
The  curves  of  fig.  28  present  a  classification  based  on  per  cent  of 
.siillihtir  in  drj'  coal.  For  the  low  sulphur  values  there  is  a  wide 
variation  in  efficiency  72*.     As  the  per  cent  of  awt^Vvcit  \\isiTfe%sRa,,'«^ 


44  A   STUDY    OF    FOUR    HUNDRED   STEAMING    TESTS. 

to  5  per  cent,  there  is  a  gradual  drop  in  efficiency  72*.  There  were 
16  tests  in  which  the  per  cent  of  sulphur  was  over  5.4.  At  the  high 
values  of  sulphur  the  efficiency  72*  curve  rises,  probably  because  the 
sulphur  is  in  different  form  and  also  differently  distributed.  A 
curve  tlirough  the  average  efficiency  points  shows  a  drop  of  5  per 
cent,  with  an  increase  of  5  per  cent  in  the  sulphur,  or,  in  other  words, 
every  increase  in  the  per  cent  of  sulphur  in  dry  coal  decreases  the 
efficiency  in  equal  amount. 

Curve  No.  2  shows  the  per  cent  of  completeness  of  combustion  (E,), 
and  is  nearly  parallel  to  the  efficiency  72*  curve. 

Curve  No.  3  shows  the  pounds  of  dry  chimney  gase^s  per  pound  of 
''combustible,''  and  rises  slightly  with  the  per  cent  of  sulphur. 

Curve  No.  4  shows  the  combustion-chamber  temperature,  which, 
except  for  the  high  sulphur  values,  decreases  as  the  per  cent  of 
sidphur  increases,  indicating  a  value  at  the  high  sulphur  values 
about  300°  F.  higher  than  an  average  curve  through  the  combustion- 
chamber  temperature  points  woidd  indicate  that  it  should  be.  The 
curves  of  fig.  17  (p.  25)  show  that  this  increase  of  temperature  nearly 
accounts  for  the  increase  of  efficiency  72*  at  the  high  sulphur  values. 

The  curves  of  fig.  21  (p.  30)  show  that  as  the  per  cent  of  clinker  in 
the  refuse  increases  the  per  cent  of  sidphur  increases;  also  that  all 
the  highest  values  for  per  cent  of  clinker  are  grouped  with  the  higher 
values  for  per  cent  of  sulphur.  The  low  per  cent  of  values  for  sulphur 
are  grouped  with  the  high  values  for  per  cent  of  efficiency  72*,  and 
vice  versa.  At  the  highest  values  for  per  cent  of  clinker  the  effi- 
ciency 72*  is  lowest,  and  with  high  efficiency  72*  the  per  cent  of 
clink(T  is  the  lowest.  This  relation  was  determined  from  two  dif- 
ferent classifications — one  on  ])er  cent  -of  clinker  in  refuse  and  one 
on  efliciency  72*.  The  classification  on  ])er  cent  of  clinker  in  refuse 
shows  that  efficiency  72*  is  more  influenced  by  per  cent  of  clinker 
than  the  per  cent  of  clinker  is  infliKMiced  by  this  efficiency.  The 
latter  infhience  was  determined  by  classifying  on  an  efficiency  72* 
basis. 

On  referring  to  fig.  24  (p.  36),  a  classificat i(m  on  the  basis  of  per 
cent  of  (!link'T  in  refuse,  it  is  to  be  noted  that  for  all  values  of  per 
cent  of  clinker  the  combustion-chamber  temj^erature  and  pounds 
of  drv  chiinnev  ^ases  are  about  constant. 

The  gencTal  conclusion  is  tliat  the  per  cent  of  STd])hur  does  affect 
efficiencv   72*   indirect Iv  by   the  formation   of  clinker.     Since   the 

•  ft  « 

amount  of  air  used  is  a  constant  value,  it  is  quite  possible  that  the 
decn^asing  value  of  eificiency  72*  with  increasing  ])or  cent  of  sulphur 
is  due  to  the  efTect  of  clinker  on  the  distribution  of  the  air  supply. 
^forcover,  witli  the  liigh  values  for  per  cent  of  clinker  ])robably  more 
of  the  air  enters  the  furnace  over  the  fire. 
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AYEBAGE  DIAMETEB  OF  GOAL. 

Preliminary  to  the  discussion  of  the  results  produced  by  using  coal 
of  different  sizes  it  may  be  of  value  to  state  how  the  coal  is  received 
at  the  fuel-testing  plant  and  how  the  size  is  determined,  and  to  sug- 
gest how  further  research  work  might  be  done  on  the  influence  of 
size. 

Nearly  all  of  the  coal  tested  was  passed  through  a  crusher,  and 
consequently  coals  of  widely  varying  characteristics  were  reduced  to 
the  same  size.  Therefore  by  classifying  coals  on  a  size  basis,  as  we 
have  done,  we  have  averaged  a  good  eastern  coal  Avith  a  poor-grade 
western  coal.  While  size  shows,  on  the  average,  some  few  general 
relations,  it  would  seem  that  the  best  comparable  data  could  be 
obtained  by  taking  one  coal,  say,  run  of  mine,  and  after  separating 
the  various  sizes,  making  a  series  of  tests  on  each  size.  Even  such 
tests  would  not  be  made  on  the  same  grade  of  coal,  as  the  smaller 
sizes  are  sure  to  be  higher  in  ash;  but  nevertheless  this  side  of  the 
problem  is  of  commercial  importance. 

After  the  sample  of  the  coal  tested  has  been  quartered  and  a  part 
sent  to  the  chemist  for  analysis,  the  remainder  is  passed  tlu-ough  a 
revolving  screen  perforated  its  entire  length  with  round  holes  ranging 
from  one-eighth  to  1  inch  in  diameter.  These  holes  are  arranged  in 
strips  or  sets  of  rows,  the  width  of  which  decreases  as  the  size  of  hole 
increases.  The  coal  passing  through  each  set  of  holes  is  weighed 
separately  and  the  data  from  the  boiler  room  are  reported,  as  follows: 

Determination  of  average  diameter  of  coal  sampler. 


Diametor 
of  holes 
(Inchos). 


!  Pounds  of  coal  through 
I       each  set  of  holes. 


Actual. 


Weight  of  coal. 
Reduced  to'    determining 


2. 


100-pound 
basis. 

3. 


average  size. 


Column  2  shows  that  98  pounds  of  coal  was  sized.  No  attempt  is 
ever  made  to  weigh  out  exactly  100  pounds,  so  the  weights  must  be 
reduced  to  100,  as  has  been  done  in  column  3,  thereby  obtaining  the 
percentages  of  the  various  sizes  of  coal.  From  the  constniction  of 
tli(^  revolving  screen  it  follows  that  in  an  average  diameter  each  of 
the  percentages  has  a  '* weight  of  observation"  proportional  to  tha 
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diameter  which  it  rcpreBcnta.  In  fretting  average  diameter,  then, 
column  3  is  multiplied  l)y  cnhimn  1,  ohtaining  column  4,  and  the 
8um  of  this  column  of  products  divided  hy  100,  therefore,  gives  the 
weighted  average  size  of  the  coal. 

Tlie  classification  plotted  in  the  curves  of  fig.  29  was  made  on  the 
coals  tested  in  tests  89  to  401,  and  shows  that  as  the  average  diameter 
increased  from  0.35  to  1.26  inches  (1)  the  capacity  increased  about  15 
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clilnuicy  eiiBP*  JHT  iHHinil  of  "  mmliUBlililc"  (piirvi;  Xo.  t):  ulSclcney  72*  (curve  Xo.3);  pcrcMit  of 
onmplvtonnn  nI  ninibiuilliiii  iV.^  {nirvi'  Nn.  (i):  ciirlKin-hyilrnKni  nitio  in  dry  ci«l  (curvn  No.  7): 
ami  rutio  ••!  .■.iriMin  to  iivuilalilc  hydrogen  (t-unv  No.  S).    To»I«  «1-1CH. 

l>cr  cent  (ciir\'c  No.  .3);  (2)  the  highest  elFicicncy  72*  values  were 
obtained  with  the  sinallcjit  sizc-s  (cur^'e  X«.  5);  (■>)  there  was  jiracti- 
ciiiiy  no  (■Imiifie  in  the  ]K'r  rent  of  c'(im|>lcteneMs  of  combustion  (curve 
No.  C) ;  (4)  thci-e  was  ii  sliglit  ilecreasc  in  the  puuiids  of  dry  chimney 
gawfs  per  pound  of  ''coiiibustililt^"  (curve  Xi>.  4);  and  (5)  the  carbon- 
hydroffon  ratio  figured  from  the  dry  coal  decreased  considerabh" 
(curvo  X(i.  7),  slumiu;^  tliat  iW  ^owV  tw-As UvU  iutUe  groups  of  small- 
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est  average  diameter,  this  result  being  probably  due  to  the  fact  that 
some  of  the  good  coals  broke  up  badly  in  transportation  and  in  passing 
through  the  crusher;  (6)  the  combustion -chamber  temperature 
increased  about  400°  F.  (curve  No.  1). 

It  should  be  borne  in  mind  in  considering  these  general  results, 
wliich  are  so  different  from  the  usual  conclusions,  that  they  are  only 
tentative,  because  other  conditions  varied  so  widely.  The  study  of 
effect  of  size  as  above  outlined  is  not  specialized  enough,  for  undoubt- 
edly other  factors  than  average  size  are  influential — e.  g.,  perhaps, 
percentage  of  voids,  as  dependent  on  percentage  of  various  sizes  form- 
ing average  diameter,  shape  of  pieces,  etc. 

In  discussing  the  effect  of  average  size  of  coal  as  based  on  these  tests 
it  is  well  to  remember  that  none  of  the  coal  is  really  fine,  for  the  lowest 
sizes  averaged  about  0.3  inch.  On  the  other  hand,  the  largest  sizes 
averaged  only  1.25  inches. 

The  tabulation  headed  '*  Classification  of  per  cent  of  clinker  on  basis 
of  average  diameter  of  coal,''  which  follows,  was  made  to  ascertain 
whether  the  size  of  coal  had  any  influence  on  its  tendency  to  clinker. 
About  300  tests  were  used,  but  they  were  on  all  kinds  of  coal,  from 
all  parts  of  the  country,  and  no  such  influence  is  indicated.  (See 
"Classification  on  basis  of  per  cent  of  clinker  in  refuse,"  p.  41.) 

Classification  of  per  cent  of  clinker  in  refuse  on  basis  of  average  diameter  of  coal. 


Average  diameter  (inches). 

• 

Below 
0.40. 

0.40  to 
0.50. 

0.50  to 
O.tX). 

0.00  to 
0.70. 

0.70  to 
0.80. 

0.80  to 
0.90. 

0.90  to 
IXX). 

1.00  to 
1.10. 

1.10  to 
1J20. 

Over 
1.20. 

Number  of  tests 

15 

0.35 

44 

16 

0.44 

46 

19 

0.56 

35 

41 

0.65 

43 

51 

0.75 

46 

45 

0.84 

47 

33 

0.94 

50 

19 

1.04 

46 

8 

1.14 

34 

21 

Average  diameter  of  coal 
(inches) 

1.25 

Average  per  cent  of  (linker  in 
refuse 

45 

Fig.  30  shows  some  of  the  many  variations  encountered  when  mak- 
ing sizing  tests.  The  seven  tests  from  which  this  chart  was  plotted 
were  made  on  mixed  bituminous  coals,  made  up  of  several  of  the 
officially  numbered  coals,  and  accurately  sized  by  passing  through  a 
revolving  screen.  The  per  cent  of  sulphur  and  per  cent  of  moisture 
were  about  constant  in  the  mixtures.  The  fact  that  the  carbon- 
hydrogen  ratio  of  the  dry  coal  used  decreased  as  the  coal  became  larger 
(curve  No.  1)  seems  to  indicate  that  the  tests  were  not  run  on  uniform 
mixtures  of  coals;  perhaps  certain  coals  were  finer  or  coarser  than 
others  before  mixing.  The  coals  were  accidentally  mixed  in  a  general 
heap,  in  consequence  of  a  fire  in  the  washer  plant,  and  it  was  not 
known  just  what  they  consisted  of  except  that  they  came  from  the 
so-called  Illinois  and  Missouri  coal  basins. 

A  significant  fact  brought  out  by  the  chart  is  that  the  efficiency  72* 
was  about  constant  for  all  the  sizes. 
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Cortain  values  varied  as  the  siKe  of  the  coal  incrpased.  C-urve  No,  1 
shows  tliat  the  carboii-hydrot^n  ratio  in  drj'  coal  decreased,  and 
thereby  tended  to  lower  efficiency  72*.  Curve  No.  2  sliows  a  sli^rht 
riao  of  efficiency  72*.  Curve  Xo.  3  shows  a  steady  increase  in  the  dif- 
ference between  the  draft  in  the  stack  and  that  over  the  fire,  for  which 
no  explanation  is  offered.  Curve  Xo.  4  shows  an  irrc^lar  but  decided 
increase  in  pounds  t)f  coal  burned  jter  s<|uare  foot  of  ^ato  per  hour— a 
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ilirect  ('oiis('(|uoncc'  of  (he  iiicrejisc  in  size  of  tlic  ciijil.  It  whould  he 
bonu!  in  mind  tluil  (he  slai-k  draft  available  was  alwavfj  about  the 
same.  Curve  .No.  ,">  is  of  the  same  sliu])e  in  detail  as  Xn.  4,  and  shows 
nil  incrciisc  in  the  rate  uf  sleam  prodiielion.  Curve  Xo.  G  is  praeti- 
eiilly  l<-vel.  exe..|>t  ut  tlie  left  end,  wliere  il  is  liijrli -perhnps  beeiiuse 
ihe  coal  wiis  so  line  tliat  it  caked  and  allowed  cnieks  to  form  in  the 
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fiiel  bed,  or  because  the  ash  contained  was  high.  Curve  No.  7  shows 
that  much  of  the  ash  went  into  the  fine  coal.  It  is  worthy  of  remark 
that  the  finer  and  dirtier  sizes  gave  nearly  as  high  efficiency  as  the 
larger  sizes. 

The  sole  advantage  of  the  larger  sizes  of  coal  over  the  smaller,  so  far 
as  shown  by  these  few  tests,  was  that  a  higher  rate  of  steam  production 
was  attained. 

An  attempt  was  made  to  determine  the  effect  of  J-inch  size  (in 
Indiana,  Illinois,  and  western  Kentucky  coals)  on  efficiency  72*,  per 
cent  of  CO  loss,  and  combustion-chamber  temperature;  but  the 
results  were  negative,  and  emphasize  the  statements  made  on 
page  47,  that  the  study  of  the  effects  of  the  various  elements  of  size 
of  coal  has  not  been  made  in  sufficient  detail.  It  is  also  likelv  that 
the  effects  of  size  are  obscured  greatly  by  other  factors,  such  as  cak- 
ing, moisture,  etc.  The  following  table  of  results  does  not  seem  to 
indicate  much: 

Classification  of  efficiency  72*,  per  cent  of  CO  in  flue  gas,  and  combustion-chamber  tem- 
perature on  basis  of  per  cent  of  ^^dnch  coal  {Illinois,  Indiana,  and  western  Kentucky 
coals). 


Number  of  t'esls  a 

Average  per  cent  of  |-ioch  coal 

Average  eflTiciency  72* 

Average  per  cent  of  CO  in  flue  gas 

Number  of  tests  o 

Average  combustion-chamljcr  temperature 
^F.) 


Per  cent  of  |-inch  coal. 


0  to  5.    5  to  10. 


4 

4.0 

65.02 

O.U 

3 


13 

8.2 

63.74 

0.27 

8 


10  to  12, 


2,612       2,483 


9 

11.1 

66.18 

0.19 

7 

2.3»i7 


12  to  14. 


4 

12.2 

68.05 

0.19 

3 

2.302 


14  to  16. 


4 

14.9 

65.57 

0.30 

2 

2,240 


16tol7.!l7tol8. 


7 

16.2 

65.88 

0.18 

6 


7 

17.6 

63.88 

0.17 

2 


2,370        2,393 


Per  cent  of  |-ii^ch  coal. 


Number  of  tests  a 

Average  per  cent  of  J-inch  coal 

Average  elliciency  72* 

Average  per  cent  of  CO  in  flue  gas 

Number  of  tests « 

Average  combustion-chaml)er  temperature 
(°F.) 


18  to  19. 


4 

18.4 

66.74 

0.24 

2 

2.371 


19  to  21. 


9 

19.9 

64.98 

0.26 

4 

2.299 


21  to  23. 


6 

22.0 

65.84 

0.16 

3 

2,104 


23  to  25.    25  to  30.  .JO  to  40. 


6 

24.0 

65.92 

0.13 

5 


6 

26.2 

66.67 

0.14 

4 


2,245       2,245 


5 

32.7 

(i5.84 

0.27 

4 

2,378 


a  Fewer  tests  were  used  to  o)>tain  the  average  combustion-chaml>er  temperature  than  for  the  other 
averages,  owing  to  the  fact  that  the  questionable  results  were  eliminated. 

The  coals  used  for  sizing  came  from  Illinois,  Indiana,  and  western 
Kentucky.  Not  many  tests  are  used  here  and  the  results  would  not 
be  expected  to  convey  much  information  even  had  the  coals  come 
from  one  locality;  because,  for  example,  from  the  State  of  Illinois  it 
is  possible  to  obtain  about  as  good  and  as  poor  bituminous  coal  as  is 
mined.  The  results,  given  in  the  table  on  the  following  page,  show 
a  small  increase  in  efficiency  72*  and  a  large  increase  in  combus- 
tion-chamber temperature  as  the  size  of  coal  increases. 

8400— Bull.  325—07 1 
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Classification  of  efficiency  72*^  per  ccivt  of  CO  in  flue  gas,  and  comhxistiorirchamber  tem- 
perature on  basis  of  average  diameter  of  coal  {Illinois^  Indiana,  and  western  Ken- 
tucky coals). 


.Vv^crage  diameter  (inche.s). 


Number  of  teats  a 

Averapos.ofiiverapeduimeter(inehe8) 


Avenige  elliciency  72* 

Average  i)er  cent  of  CO  in  flue  gas. . 

Number  of  tests  « 

Average  coinbustioii-chaml)er  tem- 
perature (°  F.) 


Up  to 
0.5. 

0 

0.39 

64.83 

0.18 

7 

0.5  to 
O.G. 

4 

0.58 

r.7. 09 

0.31 

2 

O.f)  to 
0.7. 

0.7  to 
0.8. 

22 

0.74 

65. 19 

0.23 

14 

0.8  to 
0.9. 

0.9  to 
1.0. 

1.0  to 
1.2. 

16 

0.  m 

66.75 

0. 16 

15 

0.H3 

t)5.00 

0.20 

11 

7 

0.95 

<Mi.88 

0.34 

5 

3 

1.04 

68.50 

0.15 

3 

2.0S0 

2,40<i 

2,258 

2.357 

2.405 

2,412 

2,542 

1.2  up. 


8 

2.51 

03.68 

0.11 

4 

2,576 


a  Fewer  tests  were  used  to  obtain  the  average  combustion-chainber  temperature  tban  for  the  other 
averages,  owing  to  the  fact  that  the  questionable  results  were  eliminated. 

Increasino:  the  size  of  fuel  by  briquetting  would  seem  from 
theoretical  reasoning  to  be  a  move  in  the  wrong  direction.  Other 
things  being  e(|ual,  it  is  self-evident  that  the  more  nearly  the  size  of 
a  particle  of  coal  approaches  that  of  an  atom  the  better,  for  then 
each  particle  will  bum  instantly  on  coming  in  contact  w4th  two 
atoms  of  oxygen.  It  is  also  self-evident  that  the  smaller  the  indi- 
vidual particles  of  coal  })ut  into  a  furnace  or  gas  producer  the  less  will 
be  the  protecting  effect  of  the  surface  coating  of  ash  formed  by  the 
burning  away  of  the  outer  portions  of  the  grains.  From  a  mathe- 
matical standpoint  it  can  be  seen  that  the  volume  of  a  body  increases 
proportionately  to  the  cube  of  its  diameter,  but  the  exposed  surface 
increases  only  as  the  s(|uare  of  its  diameter,  and  in  combustion  it  is 
exposed  sui-face  that  counts  for  rapidity.  Therefore,  to  repeat,  it 
woidd  seem  that  on  this  basis  alone,  artificially  increasing  the  size 
of  fuels  is,  to  speak  generally,  working  in  the  wrong  direction.  It  is 
recognized  that  improved  results  are  obtained  by  briquet  ting  some 
fuels,  ])ut  that  ])n)bably  still  bett(T  results  can  and  will  be  obtained  in 
the  future  by  devising  furnaces  and  gas  producers  of  such  ty]>es  as 
will  utilize  fine  coal  better  than  coarse.  vSo  far  the  only  step  made 
in  this  direction  has  been  the  burning  of  pulverized  coal  in  furnaces. 
Perhaps  the  slowness  of  development  in  this  field  is  attributable  to 
the  ex[)ense  of  grinding  the  coal,  which  has  never  had  a  fair  trial 
on  a  large  scale,  and  also  indirectly  to  tlie  softening  of  the  fire-brick 
lining  due  to  the  fact  that  pulverized-coal  furnaces  are  customarily 
run  too  hot.  The  work  done  l)v  the  boiler  division,  and  set  forth  on 
j)ag(*s  20,  'i.'j,  56,  shows  the  error  of  tlie  general  impression  that  ver}' 
high  furnace  tem|)eratures  an*  necessary  for  very  high  over-all  efii- 
ciencies.  Viewed  from  tliis  stan(l])oint,  it  is  not  improbable  that  in 
the  future  the  burning  of  Ihie  and  j)ulverize(l  coal,  perliaps  even 
without  e.xtrcMiK*  pulverization,  will  increase  largely.  In  cement 
kilns,  for  instance^  such  coal  has  been  a  great  success  for  the  reason  that 
the  lining  of  the  kiln  is  ])r()tectc(l  l)y  the  material  itself  which  it  is 
desired  to  nu^lt.  One  reason  for  the  nonutilization  of  slack  coal  is 
becnu^c  too  little  attentiou  \\as  Wew  ^vxviw  Vo  \\\\s>  ^^M^ral  subject. 
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As  indicating  a  right  trend  in  this  matter,  attention  may  he  called 
to  thu  siict'css  of  the  large  power  houses  of  the  country  in  burning 
fine  coals,  which  a  few  years  ago  were  used  as  railroad  ballast  or 
thrown  on  dump  lieaps.  The  over-all  efficiencies  are  in  many  cases 
cjuitc  e<|ual  to  those  which  could  liave  been  obtained  with  the  stokers 
and  grates  of  a  few  years  ago  when  using  cleaner  coals  of  larger  and 
more  uniform  size.  Perhaps  in  a  few  more  years  no  complaint  will 
be  heard  against  fine  coal.  Ever;'  engineer  knows  that,  whereas  egg 
and  lump  coal  used  to  be  sought  after,  the  lai^e  power  houses  now 
put  all  their  coal  through  crushers  which  reduce  it  to  a  size  which 
a  few  years  ago  would  have  been  thought  almost  useless. 

FEB  CENT  OF  BATED  CAFACHT  DETELOFES. 

No  attempt  is  made  here  to  discuss  in  detail  the  causes  of  the 
showing  of  the  following  table,  which  is  one  of  the  most  significant  in 
this  volume.  It  indicates  tliat  for  every  capacity  group  the  "boiler 
elTiciency"   (72*)  is  independent  of   the  combustion-chamber  tern- 
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pcmturc  and  practically  constant  throughout  the  whole  range  of  tem- 
piTHtuie.  The  suggested  explanation  is  that  as  the  temperature  of 
{'iiiiiliustion  ri.st's  the  oxygen  content  of  the  gases  decreases,  which 
rcdiLccs  the  completeness  of  combustion  sufficientl)'  (w^e  figs.  13,  p. 
L'li:  It.  p.  'J'-i;  and  31)  to  neutralize  the  slight  ri.se  of  boiler  efiiciency 
due  to  higlier  initial  temperatures.  This  same  result  is  shown  for  all 
tests  gnitipod  with  regard  to  amount  of  coal  burned  (Su&-  Vi,^i--is.\ 
au(i  17,  p.  25). 
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For  iiK'ivsiiriii^  llic  fiiiiiacc  aiul  tlie  comhustion-fhamber  tempera- 
turns,  botli  a  AViiiiiicr  opticiil  pvroiiiclor  and  ii  thermoelectric  couple 
of  platinum  ant!  pliitinuiu  rluKliutn  were  used. 

Tlio  Wimner  optical  ]»yronicter  (fit;.  10,  p.  10)  was  the  more  reli- 
able ami  b\  far  the  more  convenient  ti>  use.  Tlic  working  of  this 
instrument  is  Intseil  on  the  relation  which  exi.sts  between  the  tem- 
perature of  a  hot  body  and  the  intensity  ()f  the  lii;ht  which  it  emits." 
Tlu'  instrument  itself  makes  use  of  an  incandescent  lamp  which  is 


iitiipn-i'  mill  Lubor. 
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standardized  by  comparison  with  an  amyl-acetate  standard  lamp, 
and  consists  of  a  photometer  for  comparing  the  light  emitted  by  the 
body  whose  temperature  is  to  be  measured  with  a  steady  light  of 
known  intensity.  The  comparison  light  is  a  6-volt  incandescent 
lamp,  supplied  by  a  storage  batten^,  illuminating  a  ground-glass 
surface.  A  beam  of  monochromatic  (red)  light  from  this  source — 
produced  by  means  of  a  direct-vision  spectroscope  and  a  screen,  cut- 
ting out  all  but  a  narrow  band  in  the  red — and  a  similar  beam  from 
the  hot  body  are  passed  into  a  photometric  telescope,  each  beam 
illuminating  one-half  of  the  telescopic  field.  The  photometric  com- 
parison is  made  by  adjusting  to  equal  brightness  both  halves  of  the 
telescopic  field  by  means  of  a  polarizing  arrangement. 

One  of  the  advantages  of  the  optical  pyrometer  is  that  it  is  more 
apt  to  take  the  average  temperature  of  a  strip  across  the  furnace  from 
wall  to  wall.  Furthermore,  it  gives  temperature  changes  instantane- 
ously and  in  absolute  measure,  which,  even  In  case  the  flames  appear 
hotter  than  they  really  are,  can  hardly  be  in  error  more  than  150°  F. 
This  error  is  probably  more  than  offset  by  the  fact  that  the  furnace 
IS  not  a  perfect  *^ black  bodj^." 

The  most  serious  source  of  error,  except  when  special  precautions 
are  taken,  is  the  variation  in  brightness  of  the  electric  comparison 
lamp  due  to  variation  in  the  current  furnished  by  the  three-cell  stor- 
age battery,  the  percentage  of  change  in  light  being  of  the  order  of  six 
times  the  percentage  of  change  in  current  through  the  lamp.  Break- 
ing the  circuit  and  then  making  it  again  may  cause  an  apparent 
change  of  more  than  20°  C.  It  has  been  found  that  for  a  series  of 
observations  lasting  from  one-half  hour  to  two  hours  it  is  better  to 
take  all  readings,  after  once  standardizing  the  instrument,  without 
breaking  the  lamp  circuit,  instead  of  breaking  it  after  every  single 
reading. 

Before  standardizing  the  instrument  the  amyl-acetate  standard 
lamp  should  be  allowed  to  bum  from  five  to  ten  minutes  to  get  a 
steady  flame.  To  supply  the  incandescent  lamp  a  20-ampere-hour 
storage  battery  was  used  for  most  of  the  readings  recorded  in  this 
work. 

The  thermoelectric  couple  used  for  pyrometric  tests  was  connected 
either  to  a  millivoltmeter  equipped  with  a  scale  of  temperatures  or  to 
a  Callendar  recording  instrument.  There  were  two  of  the  latter 
instniments;  one  was  to  be  used  with  the  thermoelectric-couple 
pyrometer  and  the  other  with  an  electric-resistance  pyrometer. 
Owing  to  the  fact  that  these  pyrometers,  as  sold,  do  not  stand  the 
furnace  temperatures  for  any  great  length  of  time  there  was  no 
opportunity  to  give  the  recording  instruments  a  fair  trial,  and  there- 
fore they  are  not  considered  in  detail  in  this  report. 
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The  thermoelectric  couple  as  it  came  from  the  maker  consisted  of 
a  platinum  and  platinum-rhodiimi  junction  inclosed  in  a  porcelain 
tube  of  J -inch  bore  and  f-inch  outside  diameter.  However,  this 
porcelain  tube  could  not  stand  the  high  temperature,  and  particularly 
the  slagging  action  of  the  furnace  gases.  The  slag  accunuilated  on 
the  surface  of  the  tube  and  seemed  to  change  the  composition  of 
the  porcelain.  The  tube  partly  melted,  and  then,  after  it  had 
been  in  the  combustion  chamber  for  two  hours,  broke  off,  although 
there  was  nothing  in  the  chamber  to  strike  it.  A  water-jacketed 
iron  pipe,  similar  to  the  gas  sampler  shown  in  fig.  15  (p.  24),  was 
tried  instead  of  the  porcelain  tube,  the  two  wires  being  insulated 
from  each  other  and  from  the  pipe  by  pie<*,es  of  small  glass  tubing. 
The  thermoelectric  junction  projected  3  inches  from  the  end  of  the 
iron  pipe,  and  was  held  in  two  stems  of  ])enny  clay  pipes.  This 
arrangement  lasted  over  a  week  in  the  combustion  chamber  and  gave 
fairly  satisfactory-  residts.  During  this  time  the  couple  was  con- 
tinually connected  to  the  Callendar  recording  instrument. 

The  records  obtained  with  the  thermoelectric  apparatus  had  a  value 
only  so  far  as  the  relative  temperatures  were  concerned.  For  abso- 
lute temperature  the  apparatus  could  not  be  depended  on,  because  it 
was  impossible  to  apply  any  vscalc  or  rule  to  the  record  when  the  mass 
aroimd  the  junction  of  the  couple  was  one  fused  mass  of  slag.  It  was 
also  found  that  the  variations  in  temperature  shown  by  this  couple 
were  lagging  from  six  to  eight  minutes.  A  couple  fitted  with  a  water- 
jacketed  iron  pi{)e  had  to  bo  rigidly  connected  to  a  water  supply. 
On  that  account  such  an  arrangem(»nt  could  not  be  used  for  nietisur- 
ing  temperatures  in  difTertuit  parts  of  the  furnace,  and  for  this  pur- 
pose a  plain  i-inch  iron  pi{)e  was  used.  The*  junction  of  the  wires 
was,  as  before,  held  in  two  clay  {)ipesteins,  which  projected  about  2 
inches  from  the  end  of  the  iron  pipe.  Clay  pi  pest  ems  had  to  be  used 
also  for  insulating  the  wires  inside  of  tlie  iron  pipe  for  a  length  of 
about  a  foot  back  from  tlie  end,  on  account  of  the  high  temperature 
to  whicli  the  (»nd  was  sul)jected.  Even  with  this  s{)ecial  arrangement 
the  thermoelectric  c()uj)le  could  be  exj)()sed  to  the  high  temperature 
of  the  furnace  only  long  enough  to  g(»t  the  ])r()jecting  junction  hot  and 
take  the  reading.  This  exposure  usually  lasted  fifteen  to  twenty 
seconds,  after  which  the  instruiiK^nt  had  to  be  withdrawn  and  cooled 
off.  Kven  with  this  can*  the  iron  ]>ipe  lasted  for  only  thirty  to  fifty 
single  readings,  after  which  it  became  so  burned  that  it  had  to  be 
rej)laced  by  a  new  one.  This  instrument  also  could  he  depended  on 
only  for  relative  temperatures  in  difTerent  j)arts  of  the  furnace. 

After  all  the  difliculties  that  are  encountered  in  using  a  thermo- 
electric couple  for  measuring  furnace  teni])eratures,  this  apparatus 
measures  only  the  temperature  of  a  very  small  part  of  the  furnace, 
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ivlipre  the  instruniont  is  inserted,  and  the  temperature  midway 
between  the  side  walls  may  be  much  hipher  than  it  is  at  points 
reatlied  by  (iie  couple,  S  inches  from  the  walls. 

Fifi-  -12  gives  a  comparison  of  the  combustion-chamber  temperatures 
taken  with  the  Wanner  optical  p^Tometer  with  the  rise  in  tempera- 
ture of  water  from  a  water-jacketed  pas  .ssanipler  inserted  in  the  rear 
of  the  combustion  chamber.     A  mercurv  thermometer  was  inserted 


into  the  water  outlet  of  the  gas  sampler  and  was  read  simultaneously 
with  the  optical  pyrometer.  The  two  curves  agree  very  well,  the 
temperature  of  the  water  lagging  slightly.  The  elevation  of  tem- 
peraHire  at  A,  B,  C  in  the  water-temperature  curve  is  due  to  reduc- 
ti<m  of  pres.sure  in  the  water  main  caused  by  the  taking  of  water  into 
the  measuring  tanks  for  feeding  the  boiler.  But  for  this  circumstance 
the  curve  would  run  as  shown  by  the  dotl^  lines  A,  D,  C. 
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The  curves  of  fig.  33  are  plotted  on  the  basis  of  per  cent  of  black 
smoKc.  Curve  No.  1  indicates  that  the  efficiency  72*  rises  a  little 
more  than  1  per  cent  until  about  20  per  cent  of  black  smoke  is  reached, 
and  then  gradually  drops.  This  drop  in  efficiency  amounts  to  about 
2.5  per  cent  within  the  range  of  20  to  50  per  cent  of  black  smoke. 
The  drop  in  efficiency  when  there  is  little  or  no  smoke  can  be  explained 
by  noting  that  a  greater  amount  of  air  was  used  for  combustion  of 
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the  coals  producing  little  .smoke,  probably  owing  to  the  fact  that 
many  lignites  were  included  in  these  t;n)ups,  llie  excess  of  air  reduc- 
ing the  heaf.  available  for  the  boiler  and  causing  a  greater  loss  of 
heat  up  the  stack.  Tlie  loss  up  the  stack  decreases  and  the  efficiency 
72*  ri.ses  with  reduction  in  the  su])ply  of  air  until  the  point  is  reached 
at  which  the  loss  due  to  incom^AeVe  tci«\WsSAcii\  Ve*ivi'«vt*  Wijpr  than 
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the  gain  obtained  by  reducing  the  loss  up  the  stack.  Curves  Nos.  3 
and  4  support  this  explanation. 

Curve  No.  3  shows  that  the  combustion-chamber  temperature  rises 
in  direct  proportion  with  the  per  cent  of  black  smoke.  Rise  in  com- 
bustion-chamber temperature  always  indicates  a  decrease  in  air 
supply. 

Curve  No.  4  shows  a  gradual  increase  in  CO  in  the  flue  gases.  The 
unaccoimted-for  loss,  represented  by  curve  No.  2,  also  rises  as  the 
smoke  increases.  It  is  reasonable  to  say  that  the  greater  part  of  the 
increase  in  the  imaccounted-for  loss  is  due  to  incomplete  combustion 
of  hydrocarbon  gases  and  to  the  escape  of  solid  particles  of  carbon- 
forming  smoke. 

Curve  No.  5  shows  but  a  small  increase  in  oxygen  in  coal,  and  there- 
fore does  not  indicate  that  oxygen  in  coal  is  a  direct  cause  of  smoke. 

Curves  Nos.  6  and  7  indicate  that,  excepting  the  first  point  at  the 
extreme  left,  good  or  bad  coals  have  not  been  prevalent  in  any  one 
group. 

The  direct  cause  of  the  smoke  seems  to  be  shown  in  curve  No.  3, 
which  indicates  increased  rate  of  combustion  and  decreased  supply 
of  air. 

The  table  which  follows  indicates  that  eastern  opals  are  about  as 
apt  to  smoke  as  western.  It  shoxild  be  stated  here  that  if  these 
coals  had  been  handled  as  suggested  below  most  of  them  would 
probably  have  burned  entirely  without  smoke,  and  the  remainder 
with  less  smoke  than  they  produced  as  actually  handled. 

Average  per  cent  of  black  smoke  produced  by  burning  coals  from  certain  localities  under  a 

Heine  boiler. 


I-/Ocality. 

Number 
of  tests. 

Average 

percent 

of  black 

smoke. 

Locality. 

Number 
of  tests. 

Average 
percent 
of  black 
smoke. 

Alabama 

8 
6 
2 
1 
3.5 
30 
2 
4 
3 
7 
8 

10.2 

0 

0 

54.8 
18 
26 
22.7 
18.5 

5.2 
17 
17.6 

North  Dakota 

1 
25 
18 

1 
29 

3 

3 
10 

4 
23 

8 

0 

Arkansas 

Ohio 

32.2 

Brazil 

Pennsylvania . : 

18.3 

Florida...                   

RhnrlA  Tpland . 

0 

Illinois   ....               

Tennessee 

14.6 

Indiana 

Texas 

Utah 

8.7 

Kansas . 

2.8 

Kentucky 

Virginia 

36.1 

Maryland 

Washington 

19 

Missouri 

West  Virginia 

22.9 

New  Mexico 

W  voming 

14.7 

The  following  table  includes  coals  from  many  localities;  some  of 
them  are  usually  called  ^' smoky  coals.  ^'  It  is  quite  probable  that 
most  other  coals  which  produced  smoke  could  have  been  burned 
smokelessly  if  the  boiler  division  had  not  worked  for  the  greater  part 
of  1905  under  tho  idea  that  very  high  temperatures  are  needed  to 
got  good  over-all  efficiencies.  As  shown  elsewhere,  extremely  high 
furnace  temperatures  and  a  high  degree  of  completeness  ot  Q,QrKkk\ia*- 
tion  in  the  furnace  are  incompatible.    "MLot^  ^ix  Aio>3idL  \isv5L^SS:^  \nss2^^ 
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been  admitted  through  the  smoko-preventer  openings  to  the  space 
over  the  fire;  this  precaution  might  have  prevented  almost  wholly 
in  most  cases  the  formation  of  the  smoke  without  affecting  the  over- 
all efficiency  of  the  outfit. 


Coals  bur  tied  uruhr 


Alabama  No.  3 

Alabama  No.  4 

Arkansas  No.  7  A 

Arkansas  No.  8  (washed)  — 

Arkansas  No.  10 

Brazil  No.  1 

Illinois  No.  6  B  (briquets)  . 
Illinois  No.  11  C  (briquets)  . 

Illinois  No.  20 

Illinois  No.  21 

Illinois  No.  21  (briquets)  . . . 
Illinois  No.  23  A  (washed). . 

Illinois  No.  25 

Indiana  No.  7  B  (briquets) 
Maryland  No.  1  (washed) . . . 

Missouri  No.  5 

New  Mexico  No.  3  B 


Heine  boiler  without  producing  smoke. 

Test  No.                                                         -  Test  No. 

390     North  Dakota  No.  3 20G 

378     Pennsylvania  No.  8 23G,  237 

Pennsylvania  No.  8  (dried) 242 

Rhode  Island  No.  1 401 

Tennessee  No.  5 352 

Tennessee  No.  6 379,381 

Tennessee  Nos.   8   A   and  8  B 

(washed) 388 

Tennessee  No.  9  (washed,   bri- 
quets)    393 

Texas  No.  4 291 

West  Virginia  No.  19 285,  289 

West  Virginia  No.  19  (briquets)  .  331 

West  Virginia  No.  21 297 

Wyoming  No.  2B 210 

Wyoming  No.  3 211 


293,  294 

308, 309 
340 

172, 173 
313 
312 
292 
316 
318 
317 

338, 339 
288 
231 
320 
389 


COMBUSTION  AND  COAIi. 

"VOLATILE   MATTEE,"    *' FIXED   CABBON,"    "WATEE   OF   COMPOSITION,"^   AKD 

"COMBUSTIBLE." 

There  still  lingers  a  trace  of  an  old  idea  that  coal  consists  of  parti- 
cles of  carbon  cemented  to^jether  with  a  sort  of  natural  bitumen. 
The  present  tendency  is  to  reo:ard  bituminous  coal  as  a  mixture  of 
dozens,  or  even  hundreds,  of  organic  compounds,  most  of  them  de- 
rived from  cellulose  and  many  of  them  containing  nitrogen  and  sul- 
phur organically  combined.  It  is  true  that  for  most  kinds  of  coal 
group  formulas  can  be  devised  which  represent  very  closely  the 
chemical  compositions  of  the  respective  groups  as  showTi  by  ulti- 
mate analyses;  l)ut  it  nuist  be  distinctly  borne  in  mind  that  the 
devisers  of  these  formulas  do  not  mean  that  any  one  coal  under  con- 
sideraticm  consists  of  one  compound  expressed  by  the  formula  pro- 
posed. Such  fornnilas  arc  meant  as  collective  only;  in  exactly  the 
same  way  as  {)hysiologists  speak  of  the  normal  or  average  man, 
wiiose  height,  weight,  etc.,  bear  certain  accurate  relations  to  each 
other,  although  there  is  not  in  the  world  any  one  man  who  fits  the 
description  exact  ly. 

When  coal  is  heated,  some  or  most  of  its  constituent  compoimds  are 
always  broken  dowTi  more  or  less,  but  are  broken  down  differently, 
according  to  the  particulars  of  the  distillation  method.     That  por- 


o  For  dofiiiition  ol "  walet  ol  compo^VUon^"  awtt  tlie  glossarj',  p.  1S3. 
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tion  which  is  distilled  off  from  coal  when  it  is  heated  under  certain 
*\standard^'  conditions  is  called  ''volatile  matter/'  But  inasmuch  as 
the  ^'standard"  conditions  are  seldom  exactly  alike,  and  inasmuch 
as  ''volatile  matter''  is  the  product  of  a  change,  it  is  a  mistake  to 
say  that  coal  contains  any  stated  percentage  of  ''volatile  matter," 
or  even  that  it  contains  "volatile  matter"  at  all.  The  terms  "fixed 
carbon,"  "volatile  carbon,"  and  "water  of  composition"  are  equally 
misleading.  Coals  do  not  literally  contain  these  constituents  in  any 
more  exact  sense  than  cane  sugar  consists  of  "water"  and  "char- 
coal," although  hydrogen  and  oxygen  are  contained  in  cane  sugar 
in  exactly  such  proportions  as  form  water  and  leave  carbon  when 
the  sugar  is  heated. 

OBATE  AKD  COMBUSTION  SPACE. 

Any  furnace  consists  of  the  grate  and  the  combustion  space. 
The  combustion  space  extends  from  the  top  of  the  fuel  bed  to  the 
opening  into  the  tube  chamber,  and  its  rear  portion  is  termed  the 
"combustion  chamber."  The  function  of  the  grate  and  fuel  bed 
is  to  distill  the  "volatile  matter"  and  partly  to  bum  the  "fixed 
carbon"  of  the  coal.  The  function  of  the  combustion  space  is  to 
bum  the  "volatile  matter."  With  coals  high  in  "fixed  carbon" 
combustion  is  nearly  complete  a  short  distance  from  the  top  of 
the  fuel  bed ;  with  highly  volatile  coals  the  combustion  is  incomplete, 
even  at  the  rear  of  the  combustion  chamber. 

Samples  of  furnace  gas  collected  at  the  top  of  the  fuel  bed  are  very 
conmionly  rich  in  combustible  ingredients  In  the  subjoined  table 
is  given  the  chemical  composition  of  gas  collected  at  the  top  of  the 
fuel  bed  and  also  from  the  combustion  chamber,  determined  from 
samples  collected  with  the  water-jacketed  sampler.  The  samplers 
projected  about  10  inches  into  the  furnace,  both  being  inserted 
through  holes  in  the  side  wall,  the  first  sampler  resting  on  the  sur- 
face of  the  fuel  bed. 


Analyses  of  samples  of  gas  collected  at  top  of  fuel  bed  and  rear  of  combustion  chamber. 

Time. 


Collrctions. 


T.'st  .302: 

Top  of  fuel  Ik»(1 

Roar  of  coni])iiation  chamber. . . . 
Tost  3H4: 

Top  of  fiiol  \hhI 

Roar  of  eoinl)iistionchaml)er 

Tost  ;{<17: 

Top  of  f uol  lu'd 

Roar  of  coni])Ustion  chamber 


{ 


8.40 
10.40 

8.30 
10.30 

8.15 
12.30 

8.30 
12.30 

7.30 
9.30 

11.20 
7.30 
9.30 

11.30 


COj.    '      Oj. 


6.1 
10.8 
11.4 
14.4 

8.4 

5.7 

12.0 

12.6 

4.4 

5.4 

5.2 

13.3 

15.5 

14.6 


0 

5.6 
7.7 
3.0 


8. 
0 
6 


9 


5.6 

7.4 

0 
.2 

0 
.6 
.2 


CO. 


17.9 
2.2 
0 
0 

2 

20.3 
0 
0 

9.5 

23.6 

23.8 

.9 

.7 


Hj.         CU*. 


7.8 
0 


3.6 
0 


CiiHan+2.' 


0.2 
0 


1 

0              0 
6              2.7 

0   ' 
0 

1.2 

7.8 
5.4 

2.4 
1.2 

1.8 

.8 
.2 
0 

1 

1         ■   ■ 

\ 

\""         _ 
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It  is  difficult  to  say  whether  the  samples  collected  with  the  water- 
jacketed  sampler  are  really  representative  samples  of  the  furnace 
gases.  Some  constituents  of  the  gas  may  decompose  and  reunite  in 
different  ways  when  suddenly  cooled  by  the  water-cooled  surface. 
Chemical  analyses  of  gas  collected  at  the  end  of  the  combustion 
chamber  seldom  show  much  CO  or  any  II^  and  CH^. 

Samples  collected  at  the  base  of  the  stack  show  dilution  of  25  to 
30  per  cent.  The  following  table  gives  the  chemical  analyses  of 
some  gas  samples  collected  simultaneously  at  the  base  of  the  stack 
and  from  the  rear  of  the  combustion  chamber: 

Analyses  of  samples  of  gas  collected  in  test  SOS. 


Place. 

Time. 

• 

CO,. 

13.4 
15.0 
14.4 
15.4 
14.0 

0,. 

4.6 
3.6 
3.1 
1.8 
3.2 

CO. 

CH4. 

Sum. 

Rear  of  chamber 

9.00 

9.30 

10. 30 

12.30 

1.30 

18 

Do 

0 
0 
0 
0 

0.4 
0 

19 

Do 

17.5 

Do 

17.2 

Do 

17.8 

A  veratro 

14.5 

3.3 

0 

17.8 

9.00 

9.30 

10.30 

12.30 

1.30 

Base  of  stack 

10.0 
11.0 
11.2 
11.0 
10.5 

9.2 
7.8 
7.6 
7.9 
7.9 

0 
0 
0 
0 
0 

•■•••••• 

19.2 

Do 

ia8 

Do 

las 

Do 

1&9 

Do 

1&4 

Average 

10.7 

8.1 

0 

1&8 

The  above  analyses  give  17.5  and  23.2  pounds  of  gas,  respectively, 
per  pound  of  carbon. 

If  the  flue-gas  analyses  determine  the  control  of  the  fire,  it  is  impor- 
tant that  the  samples  analyzed  be  collected  before  the  gas  is  diluted. 
As  it  is  almost  impossible  to  have  a  perfectly  air-tight  boiler  setting, 
it  is  perhaps  best  to  take  the  sample  from  the  combustion  chamber. 

VELOGITT  OF  COMBUSTION  AT  VARIOUS  POINTS  ALONG  THE  FLAME. 

The  chemical  law  of  mass  action  for  two  reacting  substances  states 
that,  other  things  being  equal,  the  number  of  new  molecules  of  result- 
ing compound  (in  the  present  case  CO^)  formed  per  second  is  propor- 
tional to  the  product  of  the  masses  of  the  react  ing  substances  present 
per  unit  of  volume  (of  gases  in  the  present  case),  these  masses  being 
expressed  in  terms  of  gram  molecules.  (The  gram  molecule  of  a  sub- 
stance is  the  weight  of  the  substance,  in  grains,  numerically  equal  to 
its  molecular  weight.)  There  are  two  atoms  in  an  ordinary  molecule 
of  oxygen  gas,  each  weighing  sixteen  times  as  much  as  an  atom  of 
hydrogi^n.  Then^fore  the  molecular  weight  of  gaseous  oxygen  is  32. 
The  molecular  weight  of  CO  is  12  + 1 6  =  28. 

Actual  volumetric  analyses  of  the  sinmltaneous  compositions  of  gas 
samples  collected  from  two  points  along  the  gas  stream  of  combustion 
are  given  on  the  following  page. 
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Volumetric  analyses  of  samples  of  gas  collected  in  test  35 1, 


Place. 

COt. 

Oi. 

CO. 

Tod  of  fuel  bed- 

12.60 
10.90 

1.70 
8.23 

7.10 

Rear  of  combustion  chamber 

.20 

The  hydrocarbon  and  hydrogen  values  are  omitted  for  this  prob- 
lem, although  they  sometimes  amount  to  several  per  cent  at  the  sur- 
face of  the  fire;  in  this  calculation  the  effect  of  considering  them 
would  simply  be  to  intensify  the  final  conclusion.  At  the  top  of  the 
fuel  bed  there  was  present  by  volume  1.70  per  cent  of  oxygen  and  7.10 
per  cent  of  CO.  Multiplying  each  percentage  by  its  specific  gravity 
(so  as  to  get  numbers  proportional  to  the  masses  present),  and  divid- 
ing in  each  case  by  the  molecular  weights  above  given,  we  have: 

1.70X  1. 105 -^  32  =  0.0588 
7.10X0.967^28=    .245 

If  we  assume  that  the  reaction  between  CO  and  Oj  is  trimolecular, 
which  is  probably  the  case,  because  two  molecules  of  CO  react  with 
one  of  O2,  then  the  rapidity  with  which  CO  bums  is  proportional  to 
COxCOxOg,  or  CO'xOj,  and  the  rapidity  of  combustion  of  CO  in 
the  two  places  is,  at  the  top  of  the  fuel  bed,  0.245'  X  0.0588  =  0.00353 ; 
at  the  end  of  the  combustion  space,  0.00681^X0.284  =  0.00001337. 
0.00353  is  considerably  larger  than  0.00001337  and  therefore  the 
rapidity  of  combustion  is  much  greater  at  the  top  of  the  fuel  bed  than 
at  the  end  of  the  combustion  space  (the  difference  in  temperature 
being  neglected). 

The  curve  of  chemical  activity  would  drop  off  rapidly  as  the  gases 
proceeded  along  their  path  in  the  combustion  chamber,  so  that  if  the 
rates  of  combustion  were  plotted  as  ordinates  along  a  base  of  travel 
of  gases,  the  resulting  curve  would  look  much  like  the  expansion  curve 
of  an  engine-indicator  diagram. 

The  practical  value  of  such  calculations  is  that  they  afford  a  mathe- 
matical verification  of  a  fact  frequently  observed — that  mere  length 
of  combustion  chamber  counts  for  little  compared  with  some  device 
for  thoroughly  mixing  the  gases  of  the  flame  stream ;  one  good  mixing 
wall  or  baffle  is  probably  worth  many  feet  of  undisturbed  flow. 

The  possil)ility  that  many  of  the  molecules  of  oxygen  gas  are  disso- 
ciated at  high  temperatures  into  their  component  atoms  does  not 
affect  the  above  calculation,  because  there  would  then  be  more  atoms 
of  oxygen  looking  for  molecules  of  CO,  per  volume  of  gases,  in  just 
the  proportion  that  the  total  volume  occupied  by  a  given  mass  of 
gases  would  be  increased  by  the  dissociation. 
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COKBUBTIOII-CBAHBEB  BAFFLE  WALL. 

A  baffle  wall,  constructed  of  special  fire  brick,  was  built  in  the  com- 
bustion chamber.  The  object  of  this  wall  was  to  divert  the  gases  from 
thoir  straight  course  in  order  to  mix  the  free  oxygen  more  thoroughly 
with  the  unbumt  volatile  matter  of  the  coal.  It  was  also  intended  to 
act  as  a  heat  regenerator,  absorbing  heat  when  the  temperature  of 
the  gases  was  high,  and  giving  it  out  when  the  temperature  was  low, 
thus  keeping  the  temperature  above  the  ignition  temperature  of  the 
distilled  gases. 

It  was  learned  by  experiment  that  only  lai^  blocks  made  of  the 
best  material  could  stand  the  high  temperature  and  the  slagging  action 


^4]o''°^°°'?f°o°o°c°clf 


of  the  giisi-H  for  nn\  lin^'th  of  tuii(  Iht  biillit  wiill  shown  in  fig.  ;{4 
was  l)uilt  of  lurgi  hn  buck  IS  b\  1 J  by  (>  nn  lies,  said  to  be  of  the 
best  material  that  tould  In  olifamtd  llii  wall  was  built  in  three 
sections.  'I'lie  bultom  (oiiM-tid  of  s(\(n  blocks  .sej  on  end,  fommig 
pillars,  (.11  top  of  whuh  siv  suml  u  block-,  «.  n  h.ui  (iingi>nally  aci-oss. 
The  space  bctw«-eii  tbi  l>ain<  thu-.  foimi.l  »n<\  (lie  tile  nxif  wa.s  filled 
with  small  bricks  of  ^ood  matiiml,  so  Unit  llu  s])aces  l)elween  the  pil- 
laivs  fjiive  the  "nl\  piissau  1<  ft  for  lli<  j,asts  The  oliject  of  this  con- 
struction was  lo  dm  it  tin  Mnam  of  fuMia(*  },ases,  wliich  struck  the 
up])er  i)ortioii  of  tin.  buflk,  and  brtak  it  mto  many  smaller  streams, 
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flius  niixiiifi  the  distilled  gases  and  the  free  oxygen.  It  is  probable 
that  eddips  caused  by  the  obstacles  in  the  path  of  the  gases  greatly 
aided  the  mixing.  The  first  baffle  wall  of  this  construction  lasted  just 
six  months,  but  later  ones  were  not  so  durable,  and  such  walls  were 
finally  abandoned,  at  least  temporarily,  and  replaced  by  three  small 
piers  set  on  the  bridge  wall.  The  first  baffles,  however,  were  far  more 
efficient  as  smoke  preventers  and  heat  regenerators,  although  they 
absorbed  considerably  more  draft, 

COHBXTBTIOII-CHAHBEB   TEXPEKATUBE. 

Fi;;.  3.5  shows  the  manner  in  which  the  "unaccounted-for"  and  flue 
losses  of  about  260  tests  vary  tosome  extent  inversely.     The  encircled 


■  .|X  !l|l||l||  ^--!-^-J 4- 

■-   •   r   ■       ■    '   i   1   '   r   '   •    -i-!-4 " 

't^+J ^LJ--LL  i  J^ ._,, „,,,- 

I            1                i    1                                                        1 

"  --H ^^^ --■- 

i|:?:fS:f|;:^;;;"S";:;---;:: 

-  -j-  -;-l-  -    J  ■  — J-  --t   pt-y-  -jr-^'^ --'- : ~% 

=FH= +  — -H ^ +  -- 

in-chamtftrWmpcrature  CF.)  i 


numbers  near  the  points  indicate  the  number  of  tests  falling  within 
ea<'li  tem|)erature  group.  The  inverse  variation  of  these  curves  is  a 
(■oiisi'<|tience  of  the  facts  that  the  flue-gas  analyses,  though  accurate 
in  themselves,  were  misleading  because  of  air  infiltration,  and  that 
the  flue  temperatures  obtained  were  unreliable  because  of  inherent 
didiculties;  both  these  causes  are  discussed  in  the  section  devoted 
to  accuracy  and  reliability  of  data  (pp.  149-151).  It  is  noticeable  on 
this  cliart  that  the  sum  of  the  flue  loss  and  unaccounted-for  loss  in- 
ciciiscs  slightly  with  rise  of  temperature,  notwithstanding  the  fact 
tliiil  tile  efficiency  of  the  boiler  as  a  heat  absorber  increases  several 
per  cent  with  the  rise  of  temperature;  thus  again  the  indication  is 
that  higher  teiiiijeraturcs  accompany  less  couii^Ve.^*  »io\i^\is\ACKi.- 
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ATTEMPTS  TO   EXFLAIK   UKACCOXmTED-FOB  LOSS   IN  HEAT  BALAHCE. 

The  large  percentage  of  *' unaccounted-for''  loss  appearing  in  the 
heat  balances  of  the  many  tests  made  by  the  boiler  division  has  long 
been  a  cause  of  discussion. 

The  settings  of  the  boilers  used  for  testing  the  various  coals  have 
been,  even  with  the  utmost  diligence,  in  a  very  unsatisfactory  con- 
dition. There  were  numerous  air  leaks,  so  that  the  furnace  gases 
were  always  diluted  when  they  reached  the  base  of  the  stack.  It 
was  thought  that  this  dilution  of  gases  introduced  error  in  the  calcu- 
lation of  heat  loss  up  the  stack.  It  also  seemed  that  the  radiation 
loss  was  larger  than  it  should  be. 

Recently  a  new  setting  has  been  built  and  completely  mclosed  by  a 
sheet-iron  casing  made  with  air-tight  joints,  so  that  the  leakage  was 
reduced  to  a  minimum.  The  walls  of  the  new  setting  were  built  of 
hollow  tiles  and  this  with  the  addition  of  a  sheet-metal  casing  should 
have  reduced  the  radiation  loss;  at  least  this  loss  could  not  be  greater 
than  formerly.     Still  the  unaccounted-for  loss  continues. 

A  great  many  classifications  have  been  made  on  the  data  and 
results  obtained  from  our  .tests.  In  all  cases  a  few  relations  con- 
tinually appear.  The  important  one  in  this  discussion  is  that  low 
efficiency  is  always  accompanied  by  the  highest  per  cent  of  CO  in 
the  flue-gas  analysis,  and  the  highest  efficiency  by  the  lowest  per  cent 
of  CO.  Moreover,  the  high  CO  values  always  go  with  the  highest 
combustion-chamber  temperatures.  It  is  algo  found  that  as  the  com- 
bustion-chamber temperature  increases  the  per  cent  of  black  smoke 
increases. 

It  is  not  possible  to  accoimt  for  very  much  of  the  loss  in  burning 
coal  by  t\ni  amoimt  of  CO  found  in  the  gas  analysis.  Therefore  it 
seems  that  this  appearance  of  CO  in  the  gas  analysis  is  indicative  of 
bad  conditions,  such  as  an  irregular  fuel  bed  or  the  escape  of  hydro- 
carbons unburned. 

BELATION  OF  KITBOGEN   IN   FLUE   GASES    TO   EFFIGIENGT  72*   AND   TO   SIZE 
OF   COAL,  AND  OF  FEB   CENT   OF  CO   TO   EFFICIENCY   72*. 

The  curves  of  fig.  19  (p.  2S),  based  on  tests  89  to  401,  inclusive, 
present  a  combination  of  two  charts.  Tlie  upper  one  classifies  the 
tests  on  a  nitrogen  basis.  This  nitrogen  is  presumably  what  is  left 
in  the  flue  gases  after  sul)tracting  from  100  the  sum  of  the  percent- 
ages by  volume  of  carbon  dioxide,  oxygen,  and  carbon  monoxide, 
nej^lectint^  anv  small  traces  of  hAdrocarbons  which  may  have  been 
present  and  were  not  determined.  (\u*ve  No.  1  indicates  that  the 
code  ''l)oiler  efliciency''  (72*)  increa.ses  markedly  when  the  nitrogen 
content  rises  from  80  to  81  per  cent — that  is,  when  Orsat  gas- 
analybis  totals  decrease  from  20  to  19  per  cent.     The  reader  can 
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choose  between  the  many  possible  conjectures  as  to  the  fundamental 
significance  of  this  curve. 

Curve  No.  2  indicates  that  for  any  size  of  coal,  up  to  maximum 
size,  two  different  gas  analyses  may  be  obtained.  The  reader  may 
make  whatever  conjectures  he  chooses. 

Curve  No.  3,  in  the  lower  chart,  is  very  significant.  It  indicates 
that  a  volumetric  percentage  of  CO  above  0.4  per  cent  is  threatening 
to  efficiency.  Inasmuch  as  these  were  analyses  of  flue  gases,  into 
which  10  to  50  per  cent  of  air  had  filtered  after  the  gases  of  combus- 
tion passed  through  the  combustion  chamber  (p.  64),  this  CO  content 
represents  a  much  larger  value.  The  significant  fact  is  that  an 
increase  of  CO  content  from  0.3  to  1  per  cent  is  of  itself  sufficient  to 
account  for  only  about  one-third  of  the  drop  from  65  to  54  per  cent 
in  code  'M)oiler  efficiency''  (72*).  Figs.  13  (p.  22)  and  14  (p.  23) 
show  that  the  percentage  of  CO  rises  with  the  temperature  of  com- 
bustion; further,  the  efficiency  of  the  boiler  as  a  heat  absorber 
increases  slightly  with  a  rise  of  furnace  temperature;  we  therefore 
reach  the  inevitable  conclusion  that  at  least  two-thirds  of  the  large 
drop  in  code  *^ boiler  efficiency''  (72*)  with  rise  of  CO  is  due  to  incom- 
plete combustion  losses  not  represented  by  CO,  so  that  high  CO  is  a 
decided  danger  signal.  Curve  No.  1  of  fig.  18  (p.  27)  shows  exactly 
the  same  thing,  with  grouping  on  a  ^'boiler  efficiency''  (72*)  basis. 
With  CO  rising  from  0.3  to  0.6  per  cent  the  *' efficiency"  drops  from 
60  to  55  per  cent.  The  same  range  of  CO  in  fig.  19  (p.  28)  gives  the 
same  amount  (65  to  60  per  cent)  of  efficiency  drop — though  in  a  dif- 
ferent region — which  is  explained  by  the  fact  that  in  grouping  any  set 
of  related  occurrences  in  different  ways  the  same  tests  will  not  often 
fall  in  successive  groups.  For  instance,  only  part  of  the  tests  falling 
in  the  middle  group  in  one  classification  are  apt  to  fall  in  the  middle 
group  in  any  other  classification. 

RELATION  OF  COj  IN  FLUE  GASES  TO  FEB  CENT  OF  COMFLETENESS  OF 

COMBUSTION  (E3). 

The  curve  of  fig.  31  (p.  51)  was  obtained  by  grouping  tests  accord- 
ing to  volumetric  COg  content  of  flue  gases  and  then  averaging  the 
])or  cent  of  completeness  of  combustion  (E3)  of  each  group.  These 
valui^s  of  E3  were  obtained  by  the  mathematical  calculation  explained 
on  page  139,  and  although  many  or  all  of  them  may  be  considerably 
in  error,  it  is  likely  that  the  general  shape  and  the  amount  of  drop 
of  this  curve  are  nearly  correct. 

The  cur\'e  shows  clearly  that  as  the  oxygen  is  decreased  simulta- 
neously with  a  rise  of  COj  content  the  completeness  of  combustion 
(l(M'reasos,  which  is  just  what  we  should  expect  when  reducing  the 
])r()p()rtion  of  oxygen  molecules  present,  according  to  the  law  of 
mass  action  discussed  on  pages  170-172. 
84(K>— BuJJ.  :rJo—07 5 
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Thus  even  hi  runmcps  as  lonj;  as  those  »»f  tlie  boilers  used  in  the 
work  of  the  boiler  division  the  increasinff  in(H)iiiplet«ness  of  combus- 
tion witli  rising  temperature  is  practically  sufficient  to  offset  an 
increase  of  a  few  per  cent  in  tlie  efficiency  (if  the  boiler  as  s  heat 
absorber  after  tiie  furnace  temperature  has  reached  about  2,400°  F, 


The  curves  of  fig.  36  were  determined  by  plotting  differences 
between  draft  in  stack-  and  draft  over  fire  with  pounds  of  dry  chim- 
ney gases  per  pound  of  "combustible."     Curve  No.    1   represents 
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chimney  gases  per  pound  of  '*  combustible  "  were  figured  from  samples 
taken  in  the  combustion  chamber.  The  general  direction  of  the 
curve  was  determined  by  curve  No.  1. 

Low  difference  of  draft  readings  occurs  in  two  ways — by  carrying 
a  low-stack  draft  accompanied  by  a  thin  fire  or  by  carrying  a  high- 
stack  draft  and  a  thick  fire.  On  most  of  these  tests  the  stack  draft 
is  comparatively  high  as  regards  the  amount  of  draft  obtainable, 
hence  the  average  points  on  the  low  difiference  of  draft  may  be 
assumed  to  result  from  thick  fires. 

The  use  of  a  thick  fire  causes  resistance  to  the  passage  of  air 
through  the  fuel  bed.  Wlien  high-stack  draft  is  used  the  difference 
between  tlie  pressure  of  the  gases  on  the  inside  of  the  boiler  setting 
and  the  atmospheric  pressure  outside  is  large,  and  thereby  the  abso- 
lute amount  of  leakage  of  air  into  the  setting  is  increased.  How- 
ever, since,  in  general,  high-stack  draft  has  been  carried,  it  follows 
that  on  the  chart  the  per  cent  of  leakage  is  a  maximum  at  the 
points  of  low-draft  differences.  That  is  to  say,  as  the  draft  differ- 
ence increases  the  pounds  of  dry  chimney  gases  per  pound  of  com- 
bustible increase,  the  per  cent  of  air  leakage  decreases,  and  more  of 
the  air  comes  through  the  fuel  bed.  This  condition  holds  up  to  a 
point  where  the  fire  is  thin,  as  indicated  by  a  high-draft  difference. 
The  air  now  enters  more  freely  through  the  fuel  bed,  increasing  the 
rate  of  combustion,  thereby  decreasing  the  pounds  of  dry  chimney 
gases  per  pound  of  *'  combustible.^'  Another  cause  for  the  decrease  of 
the  pounds  of  dry  chimney  gases  at  the  high-draft  difference  points 
is  the  very  low  per  cent  of  air  leakage.  Thus  it  is  shown  that  ^vith 
two  widely  varying  conditions  we  may  obtain  the  same  weight  of 
dry  chimney  gases  per  pound  of  ^^  combustible." 

Tlio  curves  have  no  bearing  on  efficiency.  The  variation  in  the 
slope  of  curves  Nos.  1  and  2  is  probably  due  to  air  leakage. 
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The  following  table  gives  figures  on  pounds  of  dry  gases  per  pound 
of  carbon,  calculated  from  gas  analyses  taken  simultaneously  at 
different  parts  of  the  boiler: 

Infiltration  of  air  through  setting. 


Poumls  of  gas  p<'r  pound 

of  car- 

1 

VoT  cent  j 

« 

Pounds  of  gas  p<' 

r  pound  of  car- 

Per  cent 

Test 

bon. 

of  leak-  ! 

Test 

bon. 

of  leak- 

1 

ago,  coni- 

1 

age,  com- 

No. 

Ov<T 
firr*. 

('ombus-'  Front 

bustion 

•■  No. 

Over 
fire. 

15.29 

;  Combus- 

Front 

1 

.  bustion 

tion        water 

Stack. 

chain  Ix'F 

1 

i      tion 

■  water 

Stack. 

chamber 

cbambor.     leg. 



23.34 

to  stack,  j 
27.0  1 

1 
355 

1  chamber. 
20.90 

25.42 

26.78 

to  stack. 

318 

18.38 

19.20 

2&0 

319 

24.02 

27.89 

32.42 

,34.9  ' 

:ir,t\ 

18.22 

19.84 

22.50 

25.28 

27.3 

320 

23.70 

25.31 

28.37 

21. 5 

357 

13.65 

20.08 

1&38 

29.12 

40.8 

321 



10.85 

19.  04 

23.20 

37.7 

359 

21.88 

26l78 

22L4 

32.1 

1 

10. 17 

17.88 

21.  (.0 

3.3.  i\ 

3<i0 

20.50 

25.16 

22.7 

324 

19.93 

23.75 

20.  51 

33.0 

301 

19.04 

25.49 

318 

325 

19.  44       22.  40 

27.  .30 

40.4 

3r.2 

i:i.27 

22.48 

i9.89 

29.70 

32.2 

320 

20. 38  j    23.  83 

31.45 

54.3 

3«i.3 

21.81 

27.17 

24.4 

327 

23. 21       2.5.  50 

28.87 

24.  3 

.3«»4 

i2.45 

19. 15 

i8wi4 

25.90 

32.1 

328 

17.96       il  ikj 

24.42 

.35.9 

.3<»5 

21.10 

29.18 

38.3 

329 

23.  r^ 

2li.90 
25.09 
2:^.00 
24.20 
27.85 

.300 
.307 
3t'i9 
370 
371 

'ii.77' 

22.29 
18.44 
21.89 
22.  22 
30.90 

"io-ss' 

26.02 
26.40 
27.73 
27.78 
37.05 

16l8 

3:)0 

21.51 
18.  fi2 

43.2 

332 

**■■■•*" 

>  •                        -  • 

26l7 

334 



•21.09 

219 

344 

21.70    

27.  7  , 

:«.  1 

1«.9 

347 

10.22 

19.40  ! 

2(i.80 

.372 

19.14 

24.54 

28.2 

348 

12. 12 

17.53  ! 

24.52 

39.9  1 

375 

20.02 

26.48 

82.1 

34*» 

7.77 

14.76 

20.80 

41.3 

37ti 

22.48 

30.05 

83.7 

349 

11. 15 
10. 54 

15.78 
10. 31 

1 

377  , 

378  1 

2<>.2t> 
30.48 

34.48 
32.05 

31.3 

350 

2.3.  41 

4:'i.5 

5.1 

351 

12. 73 

22.91  1    24.25 

?,0.  25 

.32.0 

379 

25.02 

27.72 

las 

352 

20.51 

20.87 

27.21 

32.0  , 

380 

25.80 

30.70 

19.0 

353 

15.17 

22.15 

20.01 

2.5.  57 

15.3 

381  , 

28.21 

32.20 

14.2 

.354 

25.27 

27.83 

32.00 

2«).6 

1 

1 

Average  p<'r  cent  Increase  from  surface,  of  fin'  to  combustion  chaml)er.  52.33;  from  combiislion  cham- 
ber to  front  l<*g,  8.43;  from  front  l«*g  to  stack,  21.25;  from  combustion  chamt»er  to  stack,  28.48. 

CliASSlFKLVTlOX   OF  COALS. 

GABBON-HTDBOOEN  RATIO  IN  AIR-DRIED  COAL. 

In  the  belief  that  coal.s  of  approximately  the  same  proportions  of 
constituents,  as  shown  hy  chemical  analysis,  should  behave  more 
nearly  alike  when  subjected  to  similar  treatment  than  coals  in  which 
the  proportions  of  the  constituents  vary  widely,  the  following  attempts 
have  l)(»en  made  to  classify  the  coals  burned  by  the  boiler  division, 
accorduig  to  their  performance*  under  a  ])()iler. 

In  accordance  with  the  method  proposed  by  Marius  II.  Campbell,^ 
the  ratios  of  carbon  to  hydrogen  in  the  ultimate  analyses  of  air- 
dried  car  samples  were  computed.  One  hundred  and  seventy-four 
tests  on  about  75  different  coals  were  employed  for  this  purpose, 
washed,  dried,  and  ])ri(iuetted  coals  being  rejected.  It  was  not 
expected  that  this  classification  (fig.  .*^7)  would  ho  of  as  much  service 
as  one  l)ased  on  the  same  ratio  of  either  coal  as  received  or  dry  coaL 
since  \ho  amount  of  drying  to  which  a  samph*  is  subjected  is  depend- 
ent on  the  local  conditions,  which  vary  from  day  to  day.  The  state- 
ment just  made  se(»ms  to  be  borne  out  by  the  fact  that  the  average 
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points  from  whicli  the  general  efficiency  curve  (No.  1)  is  derived  fall 
farther  from  such  a  curve  than  is  the  case  with  general  curves  derived 
from  the  ratio  of  carbon  to  hydrogen,  based  on  either  coal  as  received 
or  dry  coal. 

The  ratio  of  carbon  to  hydrogen  should  have  been  obtained  from 
the  ultimate  analysis  of  the  boiler-test  sample  after  air  drying,  but 
these  data  were  not  available.     The  ratio  used  is  calculated  on  the 
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air-dried  coal  of  the  car  sample — a  fact  which  might  account  for  some 
of  the  variations  of  some  of  the  points  from  the  curve. 

The  l>roken  line,  curve  No.  2,  is  drawn  through  the  average  per  cent 
ratings  for  all  tests  coming  in  each  group.  The  per  cent  rating 
allnined  does  not  seem  to  influence  the  ellicieucy,  as  it  does  in  otlxer 
clii.saifications  which  follow. 
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Curve  No.  3  shows  the  relations  between  carbon-hydrogen  ratios  on 
air-dried  coal  and  efficiency  from  boiler  tests  conducted  during  1904. 
The  tests  in  which  washed  and  briquetted  coals  were  burned  are 
omitted.  It  was  decided  to  abandon  this  classification  and  to  use  the 
ratio  of  carbon  to  hj'^drogen  of  coal,  as.received,  and  of  dry  coal.  The 
curves  and  conclusions  on  classifications  based  on  carbon-hydrogen 
ratios  of  coal,  as  received,  and  of  dry  coal,  were  derived  from  approxi- 
matelv  250  boiler  tests  run  in  one  series.  The  tests  included  raw, 
washed,  briquetted,  and  a  few  mixed  coals.  The  relative  values  of 
the  classifications  were  based  on  the  uniformity  of  the  general  eflS- 
ciency  curves,  efficiency  here  meaning  the  efficiency  of  the  boiler  on 
the  combustil)le  basis  (the  combustible  consumed,  as  shown  by 
proximate  analysis,  less  the  coml)ustil)le  lost  through  the  grate, 
as  determined  by  an  analysis  of  the  refuse).  The  item  used  for  the 
efficiency  is  72*  of  the  A.  S.  M.  E.  code. 

CABBON-HYBBOOEN  SATIO  IN  COAL  AS  BECEIVED. 

The  carbon-hydrogen  ratios  of  fig.  38  were  computed  from  the  ulti- 
mate analyses  made  by  the  chemical  division  on  boiler-test  samples. 
These  ratios  were  divided  into  six  groups,  as  follows:  Group  K, 
including  all  values  up  to  11.2;  group  L,  from  11.2  to  12.5;  group  M, 
from  12.5  to  14.5;  group  N,  from  14.5  to  15.5;  group  O,  from  15.5  to 
17.0,  and  group  P,  all  values  over  17.0.  The  several  items  in  each 
group  were  then  averaged  and  curves  plotted  on  the  basis  of  (1)  effi- 
ciency 72*;  (2)  per  cent  of  CO  loss;  (3)  combustion-chamber  tempera- 
ture (by  Wanner  optical  pyrom(^ter) ;  (4)  per  cent  of  rated  capacity  of 
boiler;  (5)  pounds  of  dry  chimney  gases  per  pound  of  *' combustible" 
(coal  free  from  ash  and  moisture),  and  (0)  B.  t.  u.  per  pound  of  dr}' 
coal. 

A  comparison  of  the  averagcvs  just  mentioned  shows  that  no  one 
item  was  maintained,  even  approximate^,  constant,  so  that  what- 
ever conclusions  mav  be  drawn  therefrom  must  necessarily  be  con- 
sidered  anything  but  absolute.  Particular  nuMition  should  be  made 
of  the  per  cent  of  rated  ca])acity  attained  in  the  trials,  which,  if 
maintained  constant,  might  liav(^  aided  mat(Tially  in  defining  more 
closely  the  relative  causes  and  ellects  as  indicated  by  the  other  items, 
although  it  is  believed  that  these  items  are  as  much  dependent  on  the 
kind  of  coal  as  on  the  per  cent  of  rated  capacity  attained. 

The  averages  of  all  of  the  like  items  of  ench  ij:r()up  are  graphically 
represented  on  the  accompanying  charts  (fi^s.  30—15),  on  which  the 
ratio  of  carbcm  to  hydrogen  appears  as  an  abscissa. 

The  curves  of  efliciencj'  72*  in  figs.  3S  and  39  do  not  agree;  but  it 
is  hardly  to  l)e  expected  that  items  should  vary  alike  when  tests  are 
classified  on  such  an  illogical  basis  as  the  carbon-hydrogen  ratio  in  coal 
as  fired;  inasmuch  as  the  hydrogen  of  the  free  moisture  is  also  included. 
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Tlio  ri)Ilowin}^  list  gives  the  coals  appearing  in  each  group  and  their 
n'spi'clive  carbon-hydrogen  ratios: 


r.-  ciirhim-hyilr'iiji'n  n 


t  17.0) 


Ark:in«ii.  No.  S 

Maryland  Xu,  1 

MarvUintt  N.).  1  (wa8h<-.I) 
riiinsvlviiniiiXi..  8 


W..,-l  Vir, 


niiiN'.,.  19.. 


pOitrvim  ir...o(o  17,0 
V.st  VirRiiiia  Xi>.  19. 


Wf'st  ^"irginiii  Kii.  17  (washed)  16. 15 


ill  tir  mi  mil  from  (iiin/i/jtM  iif  liiiikr-lrat  xam}ilra  of  ciiiil  a* 
fir/it.  iiirliKlinij  iiitiisti'ri: 

Gniup  O  (fnim  15.5  to  17.0)— rontinucd. 

.  20.  H2  Vii^iniii  Xo.  3 1G.02 

.   IB.  13  PpnnsyU-nnia  Xci.  7 15, 65 

.   IS.  28  Wert  Vii^inia  Xo.  18 15. 63 

.   18.02     Group  X  (tmm  11.5  lo  15.5): 

.   17.  IG  Virginia  Xo.  3 15.46 

Wc^t  Virginia  Xo.  14 15.45 

.  lfi.93  PcnnHj-h-ania  Xo.  4 15.27 

.   lfi.79  Pennsylvania  No.  7  (waahwl).  15.10 

.  16.27  OhioNo.5 >5i-^s. 

PcBOB^VsanvB.'^o.  ^ '*»-"S& 
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Group  N  (from  14.5  to  15.5) — (Umtinuod. 

West  Virginia  No.  i:i 15. 04 

West  Virginia  No.  20 14.  97 

Virginia  No.  4 14. 86 

West  Virginia  No.  15 14. 84 

Virginia  No.  2 14. 83 

Tennessee  No.  (> 14. 78 

Kentucky  No.  5 14.  77 

Pennsylvania  No.  10 14.  74 

Pennsylvania  No.  7 14. 72 

West  Virginia  No.  20  (washed)  14.  72 

Tennessee  No.  9 14.  70 

Pennsylvania  No.  5  (washed).  14.  (UJ 
West  Virginia  No.  21 14.  57 

Group  M  (fnjni  12.5  to  14.5): 

West  Virginia  No.  21 14.  4:1 

Tennessee  No:  9 14. 40 

West  Virginia  No.  21  (washe<l ).   14.  30 

Pennsylvania  No.  5 14. 25 

Kentucky  No.  1  (' 14. 17 

Kentucky  No.  0 14. 10 

Virginia  No.  Hi 14. 14 

Ohio  No.  9  A 14.11 

Ohio   No.    9   li    (washed   and 

dried) 13.98 

Ohio  No.  5 13.  89 

Ohio  No.  4 13.  89 

Ohio  No.  4  (washed ) 13. 7G 

Tennesse<«  No.  7  A 13. 73 

Ohio  No.  ()  (waslH'd) 13.73 

Tennessee  No.  2 13.  70 

Alal)ania  No.  4 13.  03 

Tennessee  N(k  1 13.  (12 

Ohio  No.  0 13.55 

Washington  No.  2 13.  38 

Tennessee  No.  5 13.  21 

Tenne.^^ee  No.  4 13.  01 

Tennessee  Xo.  3 13.  01 

Illinois  No.  11  A 12.92 

Ohio  No.  7 12.70 

Illinois  No.  10 12.73 

Illinois  No.  19  r. 12.73 

Ohio  No.  9  B  (washed) 12.  52 

Group  L  (from  11.2  to  12. 5i: 

KaiK-as  No.  (> 12.41 

Ohio  N(>.  3  ( wa.^hed  ) 12.  33 

Ohio  No.  9  H 12.31 

Illinois  No.  13  (washed) 12.27 

Kentucky  No.  7 12.  22 

Illinois  No.  \:\ 12.22 

Illinois  No.  19  A 12.  11 

Indiana  No.  11 12.  (K) 

Illinois  No.  12 11.95 

Ohio  No.  8 11.91 


Group  L  (from  11.2  to  12.5) — Continued. 

Illinois  No.  12  (washed) 11.  85 

Ohio  No.  2  (washed) 1 1.  77 

Indiana  No.  7A 11.71 

Ohio  No.  2 11.02 

Kan.sas  No.  6  (washed) 11. 61 

Indiana  No.  8 11.49 

Ohio  No.  1 11.47 

Indiana  No.  7  B 1 1. 43 

Indiana  No.  7  B  (briquet ted ) .  1 1. 38 

Ohio  No.  1  (washed) 1 1. 38 

Illinois  No.  22  A 11. 35 

Indiana  No.  5 1 1. 32 

Illinois  No.  15 1 1. 25 

Indiana  No.  0 1 1. 21 

(Jn)up  K  (all  values  up  to  11.2): 

Indiana  No.  6  (washed) 11. 18 

Indiana  No.  8  (washed) 1 1. 13 

Indiana  No.  5 1 1. 12 

Illinois  No.  15  (washed) 11. 07 

Illinois  No.  22  A 10. 98 

Illinois  No.  9  B 10. 95 

Illinois  No.  24  B 10. 92 

Illinois  No.  7  D 10. 91 

Indiana  No.  12  (washed; 10. 87 

Indiana  No.  10  (washed) 10. 86 

Indiana  No.  9  A 10. 84 

Illinois  No.  14 10. 83 

Indiana  No.  9  B 10.  80 

Indiana  No.  10 10.  79 

Wyoniin^'  No.  2  B 10.  79 

Indiana  No.  4  (washed ) 10.  75 

Illinois  No.  18 10.70 

Indiana  No.  12 10.  OS 

Missouri  No.  0 10.  07 

Illinois  No.  22  A  (washed) 10.  05 

ln<liana  No.  4 10.  52 

Illinois  No.  25 10.  r>l 

Mis.^ouri  No.  5 10.  47 

Illinois  No.  21 10.  4H 

Illinois  No.  20 10.  13 

Indiana  No.  3 10.  38 

Illinois  No.  20 10.  15 

Illinois  No.  23  A  (washed) 10.  10 

Illinois  No.  14  (washed) 10.09 

Illinois  No.  18  (wa.^hed) 10.03 

Illinois  No.  20  (washed) 9.  96 

Mixed  coal 9.95 

Illinois  No.  23  A 9.90 

Illinois  No.  7  ('  (wa.^hedi ....  9.  82 

Illinois  No.  27 0.71 

Mis.^ouri  No.  7  (washed) 9.  07 

Washington  No.  IB 0.  01 

Wyoming  No.  3 9.  44 

Wyoming  No.  3  (washed)  ....  8.  94 
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The  curve  drawn  along  the  averago-efficienc}'^  ^points  on  the  chart 
is  so  uniform  that  the  conclusion  might  easily  be  reached  that  a  classi- 
fication such  as  the  ratio  of  carbon  to  hydrogen  is  of  great  value.  If 
an  individual  group  is  selected  there  is  no  such  close  agreement,  as  is 
shown  by  the  range  of  efficiencies  noted  at  each  point  of  the  general- 
efficiency  curve.  The  curve  shows  a  gradual  increase  of  efficiency 
as  the  ratio  of  carbon  to  hydrogen  increases,  becoming  horizontal  for 
the  high  ratios. 

A  comparison  of  the  highest  efficiencies  of  the  groups  shows  a 
marked  uniformity.  The  range  of  efficiencies  in  each  group  (not 
shown  on  the  chart)  decreases  as  the  ratio  of  carbon  to  hydrogen 
increases,  seeming  to  indicate  that  efficient  burning  of  coals  of  a  lower 
carbon-hydrogen  ratio  is  a  matter  of  much  greater  uncertainty  than 
when  the  ratio  is  high. 

The  curve  of  per  cent  of  CO  loss  indicates  maximum  incomplete 
combustion  in  the  low-ratio  groups,  decreasing  to  nearh^  zero  in  the 
liigh-ratio  groups.  This  is  in  accord  with  the  statement  made  regard- 
ing the  uncertainty  of  burning  coals  of  a  low  carbon-hydrogen  ratio. 

The  B.  t.  u.  curve.  No.  6,  rises  as  the  carbon-hydrogen  ratio 
increases. 

A  broken  line  connecting  the  averages  of  the  per  cent  of  rated 
capacity  of  each  group  is  shown,  curve  No.  4.  This  line  points  out  a 
wide  variation  in  capacity  attained.  The  figures  given  with  each 
point  on  the  general  curve  show  a  much  wider  range  of  the  same  item 
as  between  the  different  trials  of  each  group  than  between  groups. 
The  variation  of  per  cent  of  rating  tended  to  remove  the  average  effi- 
ciency from  a  uniform  efficiency  curve;  the  average  efficiency 
increased,  in  general,  as  the  average  per  cent  of  rating  decreased. 

From  the  points  showing  combustion-chamber  temperature  we 
obtain  a  broken  line  which  is  very  nearly  parallel  to  the  line  of  per 
cent  of  rated  capacity,  as  on  many  other  charts.  The  highest  tem- 
peratures were  obtained  in  the  middle  groups,  the  lowest  tempera- 
tures in  the  highest  groups. 

The  line  representing  the  number  of  pounds  of  dry  cliimney  gases 
per  pound  of  combustible  (curve  No.  7)  can  best  be  studied  on  the 
charts  of  the  separate  groups;  on  the  general  chart  it  is  difficult  to 
arrive  at  conclusions  so  far  as  this  one  item  is  concerned. 

Curve  No.  1  in  the  chart  is  merely  tentative  and  is  put  on  to  show 
relatively  the  theoretical  efficiencv  of  the  boiler  as  an  absorber  of  heat 
genera t(Hl,  the  calculation  being  based  on  the  theoiy,  developed  on 
pag(\s  107-108,  that  the  heat  absorption  is  a  function  varying  slightly 
with  combustion-chamber  temperature;  for  this  purpose  the  temper- 
atures used  are  those  on  the  line  of  combustion-chamber  temperatures. 
It  will  ho  noticed  that  the  line  of  theoretical  boiler  efficiencies  varies 
less  than  2  per  cent;  it  may  be  too  high  or  too  low  at,  er^^r^  ^oJwvSaXv^  ^ 
per  cent,  but  it  does  show  that  in  the  lov^er  gco\r^»  XXv^  ^^sXaxvR,'^^^ 
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greater  between  tliis  line  and  that  of  efliciency  72*.  This  fact 
seems  to  indicatt^  that  in  the  lower  groups  there  was  more  inconipl<>te 
combustion — an  indication  which  is  verified  by  curve  No.  2,  giving 
per  cent  of  CO  loss.  It  is  noteworthy  that  the  best  actual  efficiencies 
72*  in  all  groups  were  about  tlie  siinie  (a  fact  which  is  not  shown  on 
the  chart),  indicating  that  wlien  enough  is  known  about  combustion 
and  when  special  grates,  stokers,  furnaces,  etc.,  are  applied,  it  will 
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be  ])()ssible  lo  liurn  very  jnHir  coals  with  nearly  the  same  efficieneie.s 
as  }f(Kid  ones. 

In  order  to  disc'over  the  vuriatinns  widiin  the  individual  groups 
tlu'ce  charts  liiive  Ikth  j>lotted  involving  (he  smiie  ilem.s  lUi  shown 
on  the  general  chart. 

Since  the  genenil  curve  shows  a  gradual  increiisc  in  edicieney  with 
ail  JHcrease  of  the  ratit)  of  carbon  to  hyilro}i;cri,  ()ni'  woidd  naturally 
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look  for  a  similar  increase  in  ofFiciency  within  individual  groups. 
This  is  not  tnie,  however,  because  of  wide  variations  in  the  other 
items  witliin  each  group. 

The  tffitiency  line  (fig  39)  in  group  K  varies  inversely  with  the  per 
cent  of  rating  and  to  a  much  more  marked  degree  than  in  the  general 
( hart  \,l-.o  the  efficienc-v  falls  as  the  combustion-chamber  temperature 
ris(  a  and  vice  versa  The  line  for  combustion-chamber  temperatm-e 
Is  parallel  to  the  Ime  for  per  cent  of  rating,  as  in  many  other  places. 
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TIk  luie  for  per  cent  of  CO  loss  varies  inversely  with  the  line  for  pounds 
of  dry  chimney  gases  per  pound  of  "combustible,"  as  would  be  expected 
fnmi  (he  chemieal  law  of  mass  action;  and  in  turn  the  Une  denoting 
poumlsiif  air  per  pound  of  "combustible"  runs  parallel  in  most  places 
with  (he  cfTiciency  lino. 

Fi}:;.  40  shows  that  for  group  M  the  lin.es  ie^xese"B\;vn%'Ows>  ■v*'^  wct*. 
of  rating,  combustion-chamber  tempecatiMte,  onA  v«t  <i6o.^  (AQ^^Vi^ 
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run  parallel  to  one  another  and  vary  inversely  witli  tlie  line  giving 
pounds  of  dry  chimney  gases  per  pound  of  conibustihle  and  also  in  a 
general  way,  inversely  with  the  efficiency  line;  all  of  which  interrela- 
tions are  much  the  same  as  in  group  K  (fig.  39).  Relations  between 
variables  are  lirouglit  out  veiy  clearly  in  fig.  40.  The  general  chart 
shows  that  group  M  was  the  one  in  which  the  liighest  combustion- 
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chamber   trm]"Tii1iin's   and    (lie   highest   per   cent   of   rating    were 
ohtiiiiied. 

Ill  gnmp  O  (fig.  H)  ihe  lines  (if  cumlmslioii-clitimber  teniperaliire 
anil  ]i('r  ccwi  nf  nitiiiii  are  shown  ])unillel  wilh  (he  eineieney  line. 
The  per  cent  of  CO  lo.ss  i,s  sniiill  iit  all  (inies  in  (his  gi'oup,  so  little 
eflVct  could  be  cx]»cc(e.l  fn.ni  this  <>aiise.  The  additional  cui-vo 
showing  the  ratio  of  hytli^ugcu  to  available  hydrogen  is  parallel  t« 
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the  cfTiciency  line.  The  Hne  for  pounds  of  dry  chimney  gases,  instead 
of  being  parallel  with  the  efficiency  line,  as  in  other  groups,  varies 
inversely  with  that  line,  a  variation  that  is  concordant  with  the  fact 
that  the  small  CO  loss  indicates  very  little  incomplete  combustion. 

GABBON-HYBBOOEN  BATIO  IN  BBT  COAL. 

Another  classification  has  been  made  (fig.  25,  p.  37)  by  using  the 
ratio  of  carbon  to  total  hydrogen,  as  determined  by  the  ultimate  anal- 
ysis of  dry  coal.  *By  this  method  that  portion  of  the  hydrogen  which 
appears  in  the  moisture  determined  by  the  proximate  analyses  is 
eliminated,  and  consequently  there  should  result  a  more  nearly  con- 
stant carbon-hydrogen  ratio  for  any  given  coal.  The  ratios  were 
divided  into  seven  groups,  as  follows:  Group  A,  including  all  values 
up  to  14.5;  group  B,  from  14.5  to  15.0;  group  C,  from  15.0  to  15.5; 
group  D,  from  15.5  to  16.0;  group  E,  from  16.0  to  16.5;  group  X, 
from  16.5  to  17.5;  group  Y,  all  values  of  17.5  and  over. 

As  in  the  previous  classification  (p.  70)  all  the  values  in  each  group 
were  averaged  and  each  average  was  plotted  with  its  corresponding 
average  of  carbon-hydrogen  ratio.  The  following  list  shows  the 
coals  in  each  group  and  their  corresponding  carbon-hydrogen  ratios: 

Average  carhon-hydrogeii  ratios  determined  from  ultimate  analysis  of  dry  coal. 


Group  Y  (all  values  of  17.5  and  over): 

Arkansas  No.  8 22.  00 

Maryland  No.  1 20.  KJ 

Maryland  No.  1  (washed) 20.14 

Arkansiis  Xo.  7  A 10.  50 

Pennsylvania  Xo.  S 19. 37 

West  Virginia  No.  19 18.  23 

West  Virginia  No.  17 17.  92 

West  Virginia  Xo.  17  (washed).  17.  91 

Group  X  (from  1(5.5  to  17.5): 

Pennsylvania  No.  7 17. 04 

Pennsylvania  No.  7  (washed).  17.03 

West  Virginia  No.  18 16.  71 

Illinois  No.  19  A 10.67 

Vii-ginia  No.  3 16.  (>4 

Kentucky  No.  5 16.56 

(rroup  E  (from  16  to  16.5): 

West  Virginia  No.  14 16. 45 

West  Virginia  No.  13 16. 44 

Ohio  No.  9  A 16.38 

Illinois  No.  19  15 16.21 

Virginia  No.  4 16. 13 

Pennsylvania  No.  4 16. 1 1 

Pennsylvania  No.  6 10. 07 

Tennessee  No.  9 10. 01 

Grou})  D  (from  15.5  to  10.0): 

Virginia  No.  2 15.90 

Tennessee  No.  6 15. 90 


Group  D  (from  15.5  to  16.0)— Continued. 

Illinois  No.  16 15.85 

West  Virginia  No.  20 15. 85 

West  Virginia  No.  20  (washed).  15.  81 

Indiana  No.  11 15.  78 

Virginia  No.  1  B 15.  73 

Kentucky  No.  6 15.72 

West  Virginia  No.  21 15.  71 

West  Virginia  No.  21  ( washed ) .   15.71 

Pennsylvania  No.  10 15.  65 

Pennsylvania  No.  5 15.  ()4 

Pennsylvania  No.  5  (washed).   15.  63 

West  Virginia  No.  15. 15.  58 

Illinois  No.  11  A 15.57 

Kentucky  No.  10 15.  54 

Group  ('  (from  15  to  15.5): 

Illinois  No.  13 15.46 

Illinois  No.  13  (washed) 15. 43 

Ohio  No.  5 15.37 

Alabama  No.  4 1 5 .  29 

Kentucky  No.  7 15.29 

Tennessee  No.  2 15.26 

Kansiis  No.  6 15.  21 

Kansas  No.  6  (washed) 15.  20 

Tennessee  No.  5 15. 17 

Ohio  No.  3  (washed) 15. 09 

Ohio  No.  4 15.08 

Ohio  No.  4  (:^^\v^A^ ^.^"^^ 
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Group  C  (from  15  to  15.5) — Continued. 

Tennosrtco  Xo.  1 15. 

Illinois  No.  21 15. 

Indiana  No.  4 15. 

Indiana  No.  4  (washccl) 15. 

Illinois  No.  12 15. 

Group  B  (from  14.5  to  15.0): 

Indiana  No.  4 14. 

IllinoisNo.  12 14. 

Illinois  No.  12  (washed) 14. 

Tennessee  No.  4 .  .^ 14. 

Ohio  No.  9  H  (washed) 14. 

Ohio  No.  9B 14. 

Mixed  coal 14. 

IllinoisNo.  20 14. 

IllinoisNo.  22  A 14. 

Tennessee  No.  8 14. 

Tennessee  No.  7  A 14. 

Illinois  No.  22  A  (wiu^hed). ...  14. 

Ohio  No.  7 14. 

Ohio  No.  (> 14. 

Ohio  No.  6  (washed) 14. 

Misvsouri  No.  0 14. 

IllinoisNo.  20 14. 

Illinois  No.  20  (washed) 14. 

Indiana  No.  5 14. 

IllinoisNo.  24  B 14. 

Missouri  No.  7  (washed) 14. 

Gnmp  A  (all  values  up  to  14.5): 

Ohio   No.    0    B    (washed    and 

dried) * 14. 

Indiana  No.  <S  (washed) 14. 

Indiana  No.  S 14. 

Indiana  No.  12 14. 

Indiana  No.  12  ( washed ) 14. 
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(iroup  A  (all  values  up  to  14.5) — ContM. 

IllinoisNo.  14 14.45 

Washington  No.  2 14. 45 

Mixeii  coal 14. 43 

Indiana  No.  9  A 14. 42 

Ohio  No.  8 14.42 

Illinois  No.  14  (waslunl) 14.42 

IllinoisNo.  15  (waslunl) 14.40 

Indiana  No.  7  B  (briq.) 14. 40 

IllinoisNo.  15...^ 14.39 

Indiana  No.  7  B 14. 36 

Missouri  No.  5 14. 34 

Ohio  No.  2 14.32 

Ohio  No.  2  (washed) 14.30 

Illinois  No.  27 14. 30 

Indiana  No.  0 14. 30 

Indiana  No.  0  (washed) 14.  29 

Indiana  No.  7  A 14. 18 

Illinois  No.  7  C  (washed) 14. 14 

IllinoisNo.  7  D 14.11 

Indiana  No.  3 14.01 

IllinoisNo.  9  B 13.96 

Indiana  No.  9  B 13. 95 

Illinois  No.  23  A  (washed). . . .  13. 93 

IllinoisNo.  23  A 13.92 

Washinj?ton  No.  IB 13. 85 

IllinoisNo.  25 13.81 

Ohio  No.  1  (washed) 13. 75 

Ohio  No.  1 13.73 

Illinois  No.  18  (washed ) 13.  71 

Wyoming  No.  2  B 13.71 

\Vyonnii}j;  No.  3 13.  09 

Wyoming'  No.  3  Uvashed) 13.  08 

Illinois  No.  IS 13.  (i7 

Indiana  No.  10  (wa.shed) 13.  (d 

Indiana  No.  10 13.  58 


Thoro  is  no  particular  difTorenco  in  the  general  curves  as  derived 
from  the  two  chissifications  based  on  (h*v  coal  and  coal  as  received. 
To  the  general  cliart  (p.  37)  two  more  curves  have  been  added — one 
for  average  diameter  of  coal  (No.  7), and  one  for  per  cent  ot  clinker 
in  refus(»  (No.  S).  The  curve  of  average  diameter  of  coal  as  fired 
shows  tliat  as  the  ratios  of  carbon  to  hydrog(Mi  increase  there  is  a 
gradual  reduction  in  average  diameter.  Nearly  all  the  coals  used 
in  the  tests  passed  through  tlu*  same  crusher.  It  is  not  to  be  assumed 
that  the  ratio  of  carbon  to  hvdroo:en  influenc(*s  the  ease  with  which 
the  coal  breaks,  for  this  can  be  accounted  for  in  other  ways.  The 
coals  of  low  carbon-hydrogen  ratio  give  the  highest  per  cent  of 
clink(T  in  refuse. 

Curve  No.  1,  theoretical  efTiciencv  of  boiler  as  a  heat  absorber  at 
temperatiu'c  below,  is  relative*  only;  it  is  ])robably  as  a  whole  either 
too  high  or  too  low,  and  the  various  points  of  it  may  be  high  or  low 
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1-elativo  to  one  another,  but  it  serves  its  general  purpose — to  show 
less  coiiijilcti'  eoinbustion  of  the  coals  low  in  carbon-hydrogen  ratio. 
The  distunce  between  this  curve  and  the  efficiency  72*  curve  is 
grratcr  the  lower  the  carbon-hydrogen  ratio. 

Four  charts  were  made  detailing  groups  A,  B,  D,  and  Y. 

In  group  A  the  lines  (fig.  42)  representing  per  cent  of  rating,  per 
cent  of  CO  loss,  and  combustion-chamber  temperature  arc  parallel 


«-             ---■'--'                  -  s  "      wk-          -          -  -           -                     -          - 

«-   "                    :  E-^,  :     :       :          "     " 

~          ^,  ...          B     : 

T       ^                     f>b                        1-^ 

"    'A          J-f     T                 n- J    4.-n\ 

1             nH   I'l                               M 

Vr      -L             U     i 

lo  iM  rplntcd  to  per  cent  ol 


I'liiMicllyclcvcli'iiBl  (curve  Xo.  <i;  com 
Is  ii[  dry  chimney  gBS«3  per  pound  of" 


to  one  another,  and  their  slojw  is  inverse,  in  a  general  way,  to  that 
of  flio  lines  representing  hydrogen  over  available  hydrogen  and 
]><iitn(lf  of  dry  chimney  gases  per  pound  of  "combustible."  This  group 
conliiiiis  tests  varjHng  13  per  cent  in  efficiency,  indicating  the 
luicertiiintv  of  attaining  the  higher  efficiency  with  coals  of  low 
ciirhon-hvdrogen  rtftio.  No  other  relations  occur  in.  tbia  ^«wj  «^ir^ 
as  occur  in  the  higher  groups. 
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Group  IJ  gives  vcrj-  iiiurke<l  relations.  The  lines  (fig.  43)  repre- 
senting the  per  cent  of  rating,  combustion-chamber  temperature, 
per  cent  of  CO  loss,  efTiciency  72*,  and  per  cent  of  clinker  in  refuse 
riui  in  the  same  general  <lirectioii  and  the  values  vary  inversely  with 
tlm  [)ouu(ls  of  dry  cliimney  gases  per  pound  of  "combustible"  and 
hydrogen  over  available  hy<li<>gen.  Why  the  line  for  efficiency  72* 
should  parallel  the  line  of  CO  loss  is  not  clear,  especially  as  the  latter 
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i*  hiffh  iinil  (he  nnnbustion-chainbcr  teuiperatiire  varies  but  little; 
li.iVM'V.T.  uol.  many  tests  are  considered. 

In  gi'cju])  I)  (fig.  44)  (lie  lines  re]»reseiUitig  ihe  per  cent  of  rating. 
<-omliiislioii-clniniber  terriperuture,  per  cent  iif  CO  loss,  and  per  cent 
of  clinker  in  refuse  are  parallel  to  one  another,  and  for  the  most  part 
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that  of  hj^drogeii  over  available  hydrogen  follows  the  three  in 
direction.  The  curves  for  cfliciency  and  pounds  of  dry  chimney  gases 
per  |Knind  of  "  combustible  "  are  parallel  to  each  other  and  nm  inversely 
with  all  the  rest. 

The  same  characteristics  appear  in  group  Y  (fig.  45)  as  in  group  D 
(fig.  44). 


.11 

i 

-- 

1 

_ 

_ 

_ 

_ 

_ 

„ 

_ 

_ 

_ 

A 

^ 

_ 

* 

_ 

„ 

- 

„ 

- 

L 

- 

=r] 

- 

- 

- 

U- 

:; 

^- 

- 

~ 

^ 

~ 

; 

i 

* 

^ 

^ 

- 

" 

" 

^ 

- 

" 

_ 

■::' 

^ 

- 

- 

- 

i 

- 

- 

- 

- 

- 

- 

- 

- 

J 

K 

T' 

_ 

„ 

^ 

_ 

^ 

_ 

_ 

-III 

_^ 

_ 

_ 

_ 

_ 

- 

_ 

. 

. 

. 

_ 



- 

'-' 

- 

- 

- 

- 

h" 

-+ 

=t: 

- 

- 

-^ 

-1 

- 

-I 

A 

- 

- 

- 

- 

- 

; 

- 

™ 

_ 

_ 

5 

; 

rJ 

t> 

1 

_ 

_ 

" 

.   ,„  1 

?laUd  to  per  cent  of  CO  losa  (curve 

illicipnc)-'2*('!urseNo.3);  percent 

tempfrature  C  F.)  (curve  Sn.5); 


.  and  aremgi}  dLamfltt 


Attempts  wore  also  made  to  classify  coals  according  to  the  avail- 
abk'  hydrogen  figured  from  the  "combustible"  in  the  coal;  accord- 
iiij^  to  the  ratio  of  carbon  to  available  hydrogen,  and  according 
to  ihc  moisture  over  the  per  cent  of  air-drying  loss.  None  of  these 
were  of  luuch  value. 
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CAXBOB-HTDBOOEK  BATIO  m  COAL  A8  FIKED  AS  AFFECTmO  EFFIdEHCT  78*. 

Fig.  46  shows  the  effect  of  the  carbon-hydrogen  ratio  of  coal  as 
received  (fired)  on  efficiency  72*  for  each  of  three  capacity  groups. 
Tlie  curves  determined  by  plotting  efficiency  72*  with  carbon-hydro- 
gen ratio  for  a  nearly  constant  per  cent  of  rating  are  very  uniform. 
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Thm-  curves  were  plotted,  Nos.  1,  2,  and  ;!,  at  capacities  of  9.5  to 
10r>,  S,->  to  !).-.,  and  7.')  U>  S.'),  respectively.  Tlie  edieicncy  72*  range 
on  any  one  eiirve  decrea.ses  as  (Iii'  per  ci'iit  nf  rated  eapaeity  decreases. 
A  ])nilialilc  ex]>laniiti(in  of  flus  chart  i,s  that,  wilh  the  low  carbon- 
hydrogen  ratios,  the  efficient  Imrninf;  of  coal  i,s  rather  iincertahi. 
As  the  capacity  is  increased  tlic  eonibiiBtion-chjiinher  temperature 
i-s  raised;  therefore  the  liigh-ratiiiK  enrves  arc  (lie  liigh-temperature 
fi/r\'(w.     TJiifs   reliition   pr(A>A\>\\-  \\ij.!j,  vimsliAerahle   to   do    with   the 
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efru^iency  ranpes  on  the  three  curves.  It  is  also  evident  from  this 
<;li(irt  that  the  high  capacities  were  obtained  with  the  coals  of  low 
fiiiil  iiicdiiiin  carbon-hydrogen  ratios. 


rtitio  of 


Thr  su 
JUT  .■-■nl 


I  is  a  graphic  rppifscntafion  of  efficiency  72*  on  the  basis  of 
laHion  lo  available  hydn)gen.  An  this  ratio  increases  there 
sitlcrable  increase  in  efficiency  7'i*,  but  the  curve  is  very 
Curves  Xos,  1  and  2  are  simiUr,  but  are  from  two  differ- 
s  of  lesls.  Curv<'  No.  3  is  a  representation  of  efficiency  72* 
ailable  hydrogen  basi.i.  The  e/liciency  varies  but  little  over 
('  liiiige  of  available  hydrogen  ratio. 

ibjiiincd  tal>le  shows  two  classifications  based  on  the  ratio  of 
lo  carbon""  to  per  cent  of  total  carbon.     The 
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first  {column  1)  gives  average  efliciency  72*  for  average  ratio  of 
volatile  carbon  to  total  carbon  values,  showing  that  for  the  low  ratio 
values  we  have  the  high  eRiciency  72*  values  and  vice  versa.  There 
is,  however,  as  tlic  chart  (fig.  4S)  shows,  no  uniformity  of  drop  in 
efficiency  as  the  value  of  the  ratio  increases.  The  second  classi- 
fication  (columns  2-7)   gives  the.  values  of  average  elficiency  72* 


fiir  the  average  values  uf  the  vuhuiie  rarboii  to  total  carbon,  grou])- 
itig  them  ueconiiTig  to  the  iimiilier  of  B.  t.  ii.  supposedly  evolved 
jier  s<ni«re  foot  of  grate  siirfiiee  ]ter  liimr,  luid  shows  the  same  gen- 
<Tal  relations  as  the  preceiiing  classificatioTi.  The  explanation  may 
be  thai  coals  high  in  llic  I'alio  of  volatile  carbon  to  total  carbon  are 
biirder  to  burn  than  those  in  «liicli  tliat  ratio  is  low. 
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ClaMifcalions  o/  efficiency  7'i*  on  bagii  (^  average  ratio  of  volatile  carbon  to  total  carbon. 


das^- 

Btcond    ilflaiinailicpn-grnuiieii    omur 
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2^sS 
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29.  lU 
63  80 

31.88 
«.64 

33.80 
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From  21  to  23: 
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114.70 
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20.50 

A\-enig»  rtrtlo  X  ion -.- 
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^"■sjuSitjr 

From  31  to  M: 

BATIO  OF  HTSBOOEH  TO  AVAILABLE  ETBSOQER. 

The  ratio  of  hydrogen  to  available  hydrogen  was  computed  on  about 
200  ultimate  analyses  of  dry  coals  using  boiler-test  samples  (see  fig, 
4!)).  This  ratio  and  also  the  ratio  of  carbon  to  available  hydrogen 
were  suf^ested  by  Fred  M.  Stanton,  of  the  chemical  laboratory  of  this 
plant.  These  ratios  were  grouped  according  to  values,  as  follows: 
Group  R.  all  values  up  to  11.0;  group  S,  from  11.0  to  12.0;  group  T, 
frdiii  12.0  to  13.0;  group  U,  from  13.0  to  14.0;  and  group  V,  14.0  and 
over. 

Curves  sliowing  the  relations  between  the  ratio  of  hydrogen  to  avail- 
able liydrofien  and  efTiciency  72*,  per  cent  of  rated  capacity,  per  cent 
of  CO  iu.ss,  and  combustion-chamber  temperature  were  ohtal.iveji.Vyj 
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averaging  the  total  number  of  values  for  ea(^h  of  tliese  ratio  groups 
and  plotting  this  average  against  the  average  of  the  ratios  for  the  cor- 
responding groups.  The  resulting  efficiency  line  sliows  a  gradual  fall 
with  an  increase  of  the  ratio  of  hydrogen  to  available  liydrogen.  The 
per  cent  of  CO  loss  shows  a  gradual  increase  in  value.  The  lines  for 
per  cent  of  rated  capacity  and  combustion-chamber  temperature  are 
parallel  and  have  inaxiniuin  points  where  the  ratio  of  hydrogen  to 
available  hydrogen  has  a  value  of  about  1 .25,  this  being  the  middle  of 
the  values  for  ratio  of  hydrogen  to  available  hydrogen.  The  efficiency 
seems  to  be  independent  of  both  per  cent  of  rating  attained  and  com- 
bustion-chamber temperature.  Tlie  range  of  efficiency  for  each  group 
is  shown  by  the  figures  near  eacli  i)oint  of  the  efficiency  line.  The 
range  decreases,  as  in  the  other  classifications,  as  the  region  of  better 
coals  is  approached;  likewise  the  best  tests  of  all  groups  are  about 
equally  good. 


Classifications  have  also  been  made  on  the  following  Imses: 

Per  cciil,  rit  sulphur  tn.m  ulliiiiali'  miillysi;'  „i  .Iry  i:-:,\.      jSrc  (ij;.  2H.  )>.  41^.) 

P<--rr(Titiif  Qfh  ill  ciRil  !is  lin-il.     (Si>c  (ig.  27,  i>.  41.) 

PtT  ciTlt  iif  voliililc  nmllor  in  llii>  ■■fi.mlmslilili-."     (Sc'c  lij;.  50,  p.  83.) 

aiialyHWiitiiiiiliislinil.     (Si'c  (ig.  51,  p.  91.) 


■lUnflixi-dfarlm 

,"  pnixim 

-Ml,  <,f  frco  „i„i«l,ir< 

-iit<jf  :isli.  ulliiililt' 

aiu,lysL.o 

■i.tofoxyg,.,,  [„■■< 

•i>i1>iisiil.l< 

1.  p<'ri><>iiTi<lor'ili'\ 

.■Mill.      (Si 

if  .lr\ 


■,.(1. 


■oal. 


(Sc-  (Ik,  .-,:!,  ,, 


<■  )iK.  2(i. 


.  -10.1 


t'  lift-  22,  p.  33.) 


■  lig. ; 

A  study  of  the  classilicalions  of  the  niticis  •>(  ctirbiin  to  hj-clrogen 
and  liydrogen  lo  available  hydrogen  and  of  ,-;iiijrl,.  items  from  the 
proximalc  analysis  of  coal  as  fired  an.!  also  []»■  ullimate  iiiialysis  of 
dry  coal  reveals  the  tact  llmt  while  the  ^n.iTlls  di'lci'mining  the  curves 
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of  pffifiipncy  72*  on  the  ratio  h&aon  fall  rather  uniformly  on  the 
curves,  certain  peculiarities  are  averaged  out,  as  shown  by  the  small 
variation  of  efficiency  values  over  the  entire  range  of  the  ratio.  The 
classifications  hased  on  separate  itehis  from  the  chemical  analysis  of 
the  coal  give  a  much  wider  range  of  efTiciency  72*. 

The  most  valuable  classification  seems  to  be  the  one  based  on  per 
cent  of  "fixed  carbon"  fi-ora  the  proximate  analysis  of  the  coal  as  fired. 
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t.  ol  mted  caimrlt]-  drv 


(8ee  fig.  51.)  A  classification  nearly  as  good,  and  giving  a  little 
larger  range  of  efTiciency  is  that  based  on  per  cent  of  "  volatile  matter" 
in  (he  "combustible,"  (See  fig.  50.)  The  practical  value  of  a  clas- 
sification for  estimating  the  efficiency  72*  at  which  a  coal  can  be 
burned  depends  largely  on  the  ease  with  which  the  item  on  which 
the  0138.41  fication  is  based  can  be  determined.  Both  per  cent  of 
"fixed  carbon"  and  per  cent  of  "volatile  matter"  tti©  QNi\.«cwt^^^«w>- 
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a  proximate  analysis  of  coal,  which  can  be  made  with  very  little 
difficulty. 

The  reason  for  deciding  on  fixed  carbon  in  coal  as  fired  in  prefer- 
ence to  volatile  matter  in  ''  combustible  "  was  based  on  a  comparison 
of  the  ciu^es  for  combustion-chamber  temperature  on  figs.  50  and  51. 
With  the  exception  of  the  two  end  points,  all  the  cui'ves  of  fig.  51 
are  fairly  regular. 

The  subjoined  classification  of  efficiency  72*  on  a  basis  of  carbon- 
hydrogen  ratio  in  dry  coal  for  varying  ranges  of  combustion-chamber 
temperature  is  but  a  subdivision  of  the  carbon-hydrogen  averages 
shown  on  fig.  25  (p.  37).  It  was  thought  that  for  any  single  carbon- 
hydrogen  ratio  group  the  efficiency  72*  might  increase  or  decrease 
with  an  increase  of  combustion-chamber  temperature.  However, 
after  the  tests  have  been  separated  according  to  combustion-chamber 
temperatures  there  are  so  few  points  in  each  grouping  that  any  con- 
clusion would  be  unreliable. 

The  tabulation  shows  the  familiar  general  relation  of  increase  of 
efficiency  72*  as  the  carbon-hydrogen  ratio  increases.  Nothing  else 
is  shown. 

('lassijication  of  efficiency  72*  on  basis  of  carbon-hydrogen  ratio  in  dry  coed. 


Carbon-hydrogen  ratio  in  dry  coal. 
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PER  CENT  or  "VOLATILE  HATTEB"  IH  THE  " COHBITBTIBLE." 
Tht!  curves  of  fig.  50  are  based  on  about  300  tests  made  on  coals 
froiti  till  parts  of  the  United  States,  classified  according  to  the  per- 
centage of  "volatile  matter"  in  the  "combustible,"  considering  aa 
"  combuatiblo  "  that  portion  of  the  coal  which  remains  after  takingout 
the  in<iistiire  and  ash  as  <letermincd  by  the  proximate  analysis.  As 
stated   elKcwhere    the   word   "combustible"   Is    really   a   misnomer. 
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Tlic  proximate  analysis  is  also  capable  of  con.-iiderable  variation, 
but  neve  n  lie  less  it  gives  a  clew. 

Curve  No.  1  is  similar  to  many  obtained  by  other  investigators. 
It  moans  that  one  -should  beware  of  a  high  percentage  of  "volatile 
nuilter,"  but  not  necessarily  that  a  coal  of  high  volatile  matter  is 
|)o'>r,  fur  a  great  deal  depends  on  the  comjmsition  of  the  coal,  inas- 
rruich  as  coals  break  down  very-  differently  on  lieaUw?,.     \.\,Vsa\w»^v 
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noted  that,  in  general,  the  coals  of  high  volatile  matter  have  some 
other  undesirable  features,  such  as  high  ash  content.  The  most 
important  thing  to  emphasize  is  that  even  with  a  good  furnace  the 
coals  high  in  volatile  matter  are  at  a  slight  disadvantage. 

Curve  No.  2  shows  that  the  combustion-chamber  temperature  rises 
with  the  volatile  matter  of  coal  up  to  about  38  per  cent  and  then 
drops.  The  rise  of  the  temperature  is  due  to  the  fact  that  the  volatile 
matter  of  the  coal  is  driven  off  the  fuel  bed  and  burns  in  the  combus- 
tion chamber,  so  that  the  temperature  of  the  gases  of  combustion  is 
measured  before  the  heat  is  dissipated  from  them.  The  rise  is  also 
due  to  the  increased  rate  of  combustion.  As  the  volatile  matter 
increases  the  coal  burns  more  rapidly  and  less  air  is  used  to  bum  1 
pound  of  combustible.  Beyond  38  per  cent  of  volatile  matter  the 
coals  become  high  in  ash  and  moisture;  in  fact  all  the  lignites  are 
classed  among  the  coals  at  the  right-hand  end.  Both  tlie  ash  and 
moisture  reduce  the  combustion-chamber  temperature.  The  high 
ash  causes  a  slower  rate  of  combustion  and  conse(|uently  more  air  is 
used  per  pound  of  combustible.  The  moisture  lowers  the  tempera- 
ture directly  by  its  liigh  specific  heat.  Work  on  the  constitution  of 
the  cellulose  derivatives  of  coals,  now  being  prosecuted  at  this  plant 
and  at  several  other  places,  should  give  some  valuable  information 
on  such  practical  questions  as  these.  The  customary  "proximate 
anal^^sis"  is  only  an  empirical  method  and  can  be  expected  to  give 
nothing  more  than  clews;  much  more  is  to  be  expected  from  ultimate 
analyses. 

As  in  all  other  curves  of  this  l)ulletin  the  small  numbers,  by  the 
points,  indicate  the  number  of  tests  and  the  four-place  numbers  indi- 
cate the  highest  and  lowest  efficiencies  of  each  group. 

FIXED  CARBON  (PROXIMATE  AKALTSIS). 

The  chart  shown  in  fig.  51  (]>.  91)  is  one  of  a  series  based  on  the 
*^ proximate  analysis"  of  ''coal  as  fired."  It  is  realized  that  such  an 
analysis  is  purely  empirical  and  capable  of  giving  results  vaiying 
considerably :  nevertheless  it  is  of  some  value. 

Curve  No.  1  shows  a  general  rise  of  efiiciency  up  to  a  *' fixed  car- 
bon" content  of  GO  per  cent  and  perhaps  an  inclination  to  fall  off 
past  that  point.  This  60  per  cent  point  is  roughly  the  place  of 
maximum  B.  t.  u.  value  per  pound  of  moist  coal.  The  numbers 
inclosed  in  circles  shovy  the  number  of  tests  falling  in  each  group. 

Curve  No.  2,  per  cent  of  rated  capacity  deyeloj)e(l,  is  practically 
uninfluenced. 

Curve  No.  3,  combustion-chamber  temperature,  shows  a   t^eneral 

tendency  to  rise  and  has  a  hump  in  the  middle.     This  is   perhaps 

explained  by  the  fact  that  the  coals  low  in  fixed  carbon  arc  of  p<:K)r 

grade — high  in  as\\  and  n\o\slMY<i — vwwl  for  that  n^ason  it  is  iliflicult 
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to  get  a  hot  fire  with  these  coals.  With  coals  high  in  fixed  carbon 
nearly  all  of  the  combustion  takes  place  in  the  fuel  bed,  so  that  the 
gases  have  cooled  considerably  by  the  time  they  reach  the  rear  of 
the  furnace.  These  coals  also  bum  slowly  and  therefore  require 
more  air  for  combustion.  The  coals  of  moderate  fixed  carbon  give 
a  long,  hot,  lummous  flame. 

It  is  stated  elsewhere  in  this  bulletin  that  the  capacity  is  a  function 
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(if  inif  iiil  temperature  of  the  furnace  gases.     This  is  plainly  shown  by 
<urv<'H  \os,  2  und  3,  which  are  parallel. 

Curve  No.  4,  fliie-gas  temj)erature,  is  closely  parallel  to  No.  .1.  This 
is  i>iily  jiiiotlit'r  illustration  of  the  fact  that  with  the  boilers  of  this 
])l)inl  line  li-mpenitures  increase  with  furnace  temperatures,  and,  so 
fur  a.s  the  authors  can  see,  it  must  be  so  with  all  boilers,  even  when 
liberating  the  same  (piantity  of  heat  in  the  f\itive.cfe  ^^^  ?»«k«A. -^'^^ 
various  percentages  of  air  excess.     (See  p.  24,^ 
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Curve  No.  5  shows  the  jyounds  of  dry  chimney  gases  per  pound 
of  "combustible."  It  is  very  little  affected,  tending  to  rise  with 
the  "'fixed  carbon."  It  varies  inversely  with  furnace  and  flue 
temperatures. 

Curve  Xo.  6  shows  the  per  cent  of  completeness  of  combustion, 
beins  the  percentage  of  the  heat  of  the  combustible  which  was  actually 
generated.     It  rises  with  increa.se  of  "fixed  carbon"  and  ity  value  of 
about  00  piT  cent  indicates  a  wide  margin  for  improvement. 
RBIATIOH  OF  EITICIEKCY  72*  TO  FEB  CEHT  OP  OXTOEH  IS  "  COKBTIBTIBLB." 

The  chart  shown  in  fig.  52  contains  two  curves  plotted  on  the 
same  data.  The  upper  <»ne  was  obtained  by  classifjang  the  tests 
according  to  code  "boiler  efficiency"  (72*)  and  the  lower  by  classify- 
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iiij;  lliciii  jiccordiug  to  llic  jicr  cent  of  oxygen  in  the  "i-ombustible." 
By  the  ■■condmstililf"  is  nieiinl  wlmt  is  jcfl  of  iho  coal  after  taking 
out,  the  iiioislnrc,  sulpluif,  and  asli.  Tins  rcriinitnl  lui.i  been  desig- 
imtfi}  (IS  "'j>urf  roiil,"  \v\w.\\  \s,  yve\>,>T\\\iV  \"  v\\\\\w^\v'i;oi\\"ci\isUble." 
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Botli  curves  show  unmistakably  that  somehow  tlie  oxygen  of  the 
coal,  which  is  chemically  combined,  exerts  a  harmful  influence.  It 
seems  plaiisihlp  that  there  is  nothing  inherent  in  the  presence  of  oxy- 
gen in  a  coal  niiileciile  which  makes  it  imiiossible  to  break  it  down 
and  burn  it  as  well  as  any  molecule  lacking  oxygen.  This  assump- 
tion puts  the  blame  on  our  fumaces- 

This  chart  is  in  agreement  with  that  of  fig.  33  (p.  56),  which  pre- 
sents a  classification  of  several  items  on  a  smoke  basis.  The  "unac- 
counted-for" loss,  CO  loss,  and  per  cent  of  oxygen  all  rise  with  the 
increase  of  sinoke  and  the  efficiency  fails  very  slightly. 

BBinSH  THEBKAL  ORITS  FEB  POUHD  OF  SBT  COAL. 

The  curves  <if  fig.  53  are  based  on  296  tests  made  on  coals  from 
all  parts  of  the  country.     In  general,  the  eastern  coals  fall   on  the 
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right    and   the   lignites   on   the   left,   part   oS  t\ve  c«na.    '^i^  wss^^ 
No.  1  the  small  number  near  each  po'm^  ^^ea  tiBs>  ■ovisii^>ct  ot  x^^a 
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falling  in  that  B.  t.  u.  group.  Each  of  the  other  four  curves  below 
is  based  on  the  same  number  of  tests  in  the  various  groups.  The 
four-place  numbers  in  pairs  on  curve  No.  1  indicate  the  highest  and 
lowest  efficiencies  72  *  falling  in  each  group.  It  will  be  noted  that 
the  liighest  efficiencies  are  nearly  as  good  in  the  left  groups  as  .in 
the  right,  indicating  that  it  is  possible  to  bum  coals  of  low  heating 
value  as  efficiently  as  high-grade  coals.  The  increase  of  average 
efficiencies  is  only  about  7  per  cent  for  the  range  of  5,000  B.  t.  u. 

The  average  capacity,  as  shown  by  curve  No.  2,  rises  considerably 
as  the  coal  improves  in  heating  value.  Perhaps  most  of  the  low 
B.  t.  u.  coals  could  be  made  to  furnish  as  much  steam  if  burned  on 
a  larger  grate.  If  the  coal  did  not  clinker  seriously,  the  use  of  a 
rocking  grate  would  increase  the  capacity.  On  some  coals  the  use 
of  the  automatic  stoker  might  give  better  results. 

Curve  No.  4,  pounds  of  dry  chimney  gases  per  pound  of  "combus- 
tibljB,^'  descends  with  the  better  coals,  partly  because  they  are  usually 
more  manageable  on  the  fuel  bed  and  because  they  seem  to  break 
down  on  heating  with  evolution  of  gaseous  compounds  easier  to 
bum,  on  which  account  the  air  supply  can  be  reduced  with  safety. 

Curve  No.  5  gives  the  average  ^^ furnace  efficiency,'^  or,  better,  the 
per  cent  of  completeness  of  combustion.  These  calculated  efficiencies 
are  only  approximate. 

BATIO  OF  ASH  TO  SULFHUB  IS  DRY  COAL. 

It  is  sometimc^s  said  that  although  sulphur  in  coal  does  not  of 
itself  materially  reduce  the  value  of  the  coal  for  steam  making,  a 
low  percentage  of  ash  with  a  high  percentage  of  sulphur  is  apt  to 
make  trouble.  To  test  this  possibility  a  classification  was  made  of 
many  tests  on  many  coals,  the  tests  being  grouped  according  to  the 
ratio  of  total  ash  to  sulphur.  The  corresponding  values  of  the  aver- 
ages of  efficiencies  72*  are  practically  constant. 

As  a  check  on  this  work  a  classification  was  also  made  of  the  ratio 
of  ash  to  sulphur  in  dry  coal  on  an  efficiency  72*  basis.  As  the 
efficiency  72*  increases  there  is  practically  no  change  in  the  value  of 
the  ash  to  sulphur  ratio.      (See  figs.  21,  p.  30,  and  2S,  p.  43.) 

A  table  of  efficiencies  72*  classified  on  the  basis  of  per  cent  of  ash 
plus  sulphur  in  dry  coal  shows  little  variation  between  the  averac^e 
efficiency  values  for  the  several  groups.  Ta])les  showing  the  three 
classifications  follow : 

Chuisijinidnn  of  cfjicicnnj  7^*  on  basis  of  ratio  of  ash  to  sulphur  in  dnj  coal. 
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Classijiration  of  ratio  of  ash  to  sulphur  in  dry  coal  on  basis  of  efficiency  72*. 


Efficiency  72*. 


Up  to    53  to  ,  57  to  I  59  to 
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Classification  of  efficiency  72*  on  per  cent  of  ash  plus  sulphur  in  dry  coal  {Indiana,  Illi- 
nois, and  western  Kentuchj  coals). 


Percf^nt  of  ash  plus  sulphur. 


NinnU'r  of  tests 
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.sulphur  in  dry  coal 

A  voragi'  oflioioncy  72* 
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SI  GGKS IKD  STEAM-TURBINE  CYCL.ES,  HEAT  ABSORPTION, 

AND  BOIIjER  efficiencies. 

THE  BOILER  AND  THE  FTTBKACE  AND  THEIR  EFFICIENCIES. 

The  l)oilor  witli  its  setting  consists  mainly  of  two  parts,  the  fur- 
nace and  the  boiler  proper.  The  furnace  is  the  heat  generator  and 
the  boiler  the  heat  absorber.  In  practice  both  are  imperfect  in  their 
functions.  A  perfect  furnace  would  bum  the  fuel  completely.  A 
perfect  boiler  would  absorb  all  the  heat  evolved  in  the  furnace  pro- 
vided the  temperature  of  the  water  in  the  boiler  was  that  of  the 
atmosphere.  It  follows,  then,  that  the  furnace  efficiency  is  the 
ratio  of  the  heat  evolved  in  the  furnace  to  the  potential  heat  of  the 
fuel  fired,  and  that  the  boiler  efficiency  is  the  ratio  of  the  heat  ab- 
s()rl)ed  bv  the  boiler  to  the  heat  evolved  in  the  furnace:  the  com- 
billed  efficiency  of  the  furnace  and  boiler  being  the  ratio  of  the  heat 
absorbed  by  the  boiler  to  the  potential  heat  of  the  fuel  fired.  The 
<rrate  is  taken  as  a  part  of  the  furnace.  The  true  boiler  eflBciency  is 
the  ratio  of  the  heat  absorbed  to  the  heat  which  is  available  to  the 
boiler,  this  available  heat  being  that  portion  of  the  heat  in  the  fur- 
nace <j:ases  which  is  above  the  temperature  of  the  steam. 

If  the  wording  in  the  above  definitions  is  somewhat  changed  an- 
other set  of  efficiencies  is  obtained,  w^hich  may  be  called  the  thermo- 
dynamic' efficiencies.  The  efficiency  of  the  furnace  is  the  ratio  of  the 
heat  made  available  to  the  boiler  to  the  potential  heat  of  the  fuel 
fired.  The  efficiency  of  the  boiler  is  the  ratio  of  that  portion  of  the 
heat  absorbed  wliich  is  available  for  power  purposes  Cen^iiaftk  ort  ^nx^- 
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bine)  to  the  lioat  available  to  tlie  !>oiler.  The  combined  efficiency 
of  tlie  furnace  and  Iwilor  is  the  ratio  of  tho  heat  made  available  for 
povvcr  purpo-soa  to  the  heat  value  of  the  fuel  fired.  The  fact  is  that 
the  steam  engine  is  usually  blamed  for  wasting  heat  which  is  not 
available  to  it. 

To  illustrate  the  almve  definitionii  let  the  various  heat  values  be 
represented  by  diagrams.  For  the  representation  of  the  heat  in  the 
furnace  a  diiigram  such  as  given  in  A,  fig.  54,  can  be  used.  This 
diagram  has  absolute  temperature  for  the  ordinates,  and  a  factor 
proportional  to  the  si)ecific  heat  of  the  furnace  gases  multiplied  by 
their  weight  as  abscissas.  In  tho  same  chart  (fig.  54,  B)  is  an  ideal 
cycle  of  a  st4;am  engine  or  turbine  plotted  on  temperature-entropy 
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plane.  It  must  he  understood  that  the  abscissas  of  these  two  <lia- 
grams  are  in  different  uuils.  The  abscissa  in  B  is  taken  in  entropy 
units  because  tho  adiabalic  expansion  and  the  availability  of  heat  to 
the  sicani  enjrine  or  turbine  can  he  best  .shown  by  temperuture- 
enln)|)y  diairrains. 

On  the  assuniplioii  that  1  jxniiid  of  combustible  is  completelv 
bur:u'd,  ihc  vuiious  (|uanlities  of  lieat  in  the  furnace  are  represented 
in  .1  as  follows:  The  areaAliCI)  represents  the  jKitcntial  heat  in  the 
fuel  and  al,'^)  llie  heat  developed  in  (be  furnace.  The  heat  available 
for  the  boiler,  represented  in  the  diagnun  by  ihe  area  OBCP,  is  the 
heat  above  ihc  Ieni]»era1ure  of  (he  sleam  and  is  the  limit  of  the  heat 
whicli   the  b()iler  can  absyvV).    TW  rmaaiiKler  of  the  heat,   repre- 
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sented  by  the  area  AOPD,  is  below  the  temperature  of  the  steam 
and  therefore  can  not  be  absorbed  by  the  boiler. 

In  B  the  area  RSTUW  represents  the  heat  absorbed  by  the  boiler 
and  delivered  to  the  engine.  Of  this  heat  only  a  portion,  repre- 
sented by  the  area  STUV,  is  available  for  the  engine  to  be  con- 
verted into  mechanical  energy.  The  remainder  of  the  heat,  repre- 
sented by  the  area  RSVW,  is  below  the  atmospheric  temperature 
and  can  not  be  converted  by  the  steam  engine  into  mechanical  en- 
ergy. It  may  be  said  here  that  the  limit  for  adiabatic  expansion  of 
steam  in  a  steam  engine  or  turbine  is  set  by  the  temperature  of  the 
cooling  water  in  the  condenser.  However,  as  the  cooling  water  is 
nearly  at  the  temperature  of  the  atmosphere,  the  atmospheric  tem- 
perature may  be  taken  as  the  limit.  It  is  entirely  out  of  the  ques- 
tion to  obtain  lower  pressure  in  a  condenser  than  that  corresponding 
to  the  steam  temperature  equal  to  the  temperature  of  the  cooling 
water,  no  matter  how  perfect  the  air  pump  may  be.  For  this  reason 
it  is  said  that  the  heat  which  is  left  in  steam  after  it  has  been  ex- 
panded adiabatically  to  the  temperature  of  the  atmosphere  is  below 
the  atmospheric  temperature.  Of  course  this  reasoning  does  not 
apply  to  a  case  where  the  steam  is  used  for  heating  purposes. 

During  the  process  of  transmitting  the  heat  from  the  boiler  fur- 
nace to  the  engine,  the  heat  loses  much  of  its  availability,  the  greatest 
drop  being  in  the  transmission  of  the  heat  from  the  furnace  gases 
into  the  boiler  water.  During  this  transmission  there  is  a  great 
drop  in  temperature,  and  mth  it  drops  the  availability. 
•  To  show  what  efficiency  could  be  obtained  from  an  ideal  steam- 
generating  outfit  and  a  steam  engine  working  on  a  perfect  cycle,  as 
shown  in  B,  fig.  54,  an  example  is  given  below: 

Suppose  that  1  pound  of  ^'  combustible ''  of  the  coal  of  test  No.  204 
is  burned  with  18.3  pounds  of  air  in  a  perfect  furnace.  The  heat 
value  of  1  pound  of  this  **  combustible  ''  is  14,660  B.  t.  u.,  and  if  we 
assume  the  atmospheric  temperature  to  be  50°  F.  and  the  steam 
pressure  80  pounds  by  gage,  the  various  heat  quantities  are  as  fol- 
lows: Heat  evolved  in  furnace,  14,660  B.  t.  u.;  heat  available  for 
boiler,  13,320  B.  t.  u.  The  remaining  portion  of  the  heat  evolved 
in  the  furnace  is  below  324°  F.,  the  temperature  of  the  steam,  and  is 
either  in  the  gases  or  in  the  moisture  formed  by  burning  the  hydro- 
gen of  the  * 'combustible./'  As  this  is  an  ideal  case,  all  the  heat  which 
is  available  to  the  boiler  is  absorbed  by  it.  On  the  assumption  that 
there  is  no  radiation  from  the  boiler  and  the  pipe  connections,  the 
heat  delivered  to  the  engine  is  13,320  B.  t.  u.  Of  this  heat  only  4,056 
B.  t.  u.  is  available  for  the  engine.  This  last  quantity  can  be  ob- 
tained from  a  steam  table  (such  as  Reeve's)  in  the  following  manner: 

The  total  heat  of  1  pound  of  saturated  steam  at  80  pounds  gage  press- 
ure is  1 , 1 80.3  B.  t.  u.,  and  the  entropy  h  1 .5976.     Within  tt\ft.  V\sKs\,N\\Na. 
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steam  can  be  expanded  to  atmospheric  temperature,  which  in  this 
assumed  case  is  50°  F.  The  corresponding  absolute  pressure  of  steam 
is  given  in  the  table  as  0.36  inch  of  mercury.  The  total  heat  of  1 
pound  of  steam  at  this  pressure  is  1,096.8  B.  t.  u.  and  the  entropy 
2.1478.  The  heat  of  1  pound  of  water  at  SO"*  F.  is  18.08  B.  t.  u.,  and 
the  entropy  is  0.0360  in  the  table,  the  heats  and  entropies  being 
counted  from  feed  water  at  32°  F. 

As  the  temperature  of  the  feed  water  is  nearly  that  of  the  atmos- 
phare,  which  in  the  assumed  case  is  50°  F.,  the  heats  and  entropies 
used  in  this  problem  are  counted  from  feed  water  at  50°  F.  These 
heats  and  entropies  can  be  obtained  by  subtracting  from  the  values 
given  in  the  table  the  heat  and  entropy  of  water  at  50°  F.  Inasmuch 
as  with  adiabatic  expansion  the  entropy  remains  constant,  the  quality 
of  the  steam  at  the  end  of  the  expansion  of  steam  from  80  pounds 
gage  to  0.36  inch  of  mercury  absolute  pressure  is: 

1.5976 -.0360     1.5616     ^,  ,   , 

2T478 -:036()  =  2.1118='^  P^^  ^^"^  ^^• 

The  heat  left  in  1  i)ound  of  steam  at  the  end  of  the  expansion  is 

(1,096.8  -  18.08)  X  .74  =  797.1 . 

The  total  heat  left  in  the  steam  at  the  end  of  the  expansion  when 
13  320 
T  180^'—  ^R  OH  P*^^^^^''"*  ^^^  steam  is  used  is 

13,320 
1,180.3-  IS.OS^  ''-^      .^-t)^.J. 

Then  the  heat  converted  into  work  is  13,320  -  9,264.1  =  4,056  B.  t.  u. 

In  this  case  the  h(^at  in  the  condensed  steam  does  not  enter  into 
the  c()inj)utation  because  it  is  at  the  temperature  of  the  feed  water. 

In  the  example  just  <;iven  the  various  efficiencies  are  as  follows: 
Furnace  efficiency  -  14,600  -  14,660  -  100  ])er  cent;  boiler  effi- 
ciency =  13,320  -:-  1 4,()6()  =  90.9  per  cent ;  boiler  and  furnace  cfTiciency  = 
13,320  --  14,660  -  90.9  per  cent;  true  boiler  efficiency  =  13,320-- 
13,320  =  100  per  cent.  The  thermodynamic  efficiencies  are:  Furnace 
efficiency  -=  13,320  ^  14,660  =  90.9  per  cent ;  boiler  efficiency  =  4,056  -^ 
13,320  =  30.45  per  cent:  efficiency  of  furnace  and  boiler  =  4,056 -^ 
14,660  =  27.67  per  cent. 

Of  course  l)y  means  of  th(^  economizer  and  by  using  superheated 
steam  these  ideal  eflici(Micies  could  b(^  somewhat  raised.  Steam 
boilers  are  not  as  efficient  for  power  jnirposes  as  tlie  figures  obtained 
from  l)()iler  trials  ordinarily  imply. 

In  the  above  discussion  only  th(»  limiting]:  case  was  considered.  In 
practice  there  are  many  losses  whicli  r(»due(»  the  boilcT  efiiciencv  to 
less  than  two-thirds  and  the  total  efliciency  of  the  steam  outfit  tc 
k'ss  than  one-half. 
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As  the  process  of  heat  evolution  and  heat  transmission  goes  on  in 
the  furnace  and  the  boiler  the  principal  sources  of  loss  are  about  as 
follows : 

(a)  Part  of  the  combustible  drops  through  the  grate  into  the  ash 
pit  and  is  not  burned. 

(b)  Part  of  the  coal  is  gasified,  and  the  gases  escape  before  they  are 
burned. 

(c)  Part  of  the  heat  evolved  in  the  furnace  is  radiated  through  the 
fire  doors  and  the  furnace  walls. 

Of  these  three  losses,  the  second  is  perhaps  the  most  serious  and 
increases  rapidly  after  the  content  of  COj  in  the  flue  gases  passes  a 
certain  limit.  (See  fig.  31,  p.  51.)  Losses  a  and  h  diminish  the  heat 
which  is  actually  evolved  in  the  furnace,  and  the  temperature  of  the 
gases  of  combustion.  In  fig.  54  these  losses  are  represented  by  the 
area  EBCF.  T^)ss  c  further  decreases  the  heat  which  has  already 
been  evolved  in  the  furnace.  In  the  diagram  this  loss  of  heat  is 
represented  by  the  area  GEFII. 

(rf)  No  boiler  cools  the  furnace  gases  to  the  temperature  of  the 
steam;  the  gases  leave  the  heating  surface  of  the  boiler  at  a  tem- 
perature from  100°  to  300°  F.  higher  than  that  of  the  steam.  The 
heat  lost  in  the  waste  gases  is  represented  by  the  area  AJID. 

(e)  As  the  gases  pass  through  the  boiler  setting  cold  air  leaks  in, 
lowers  their  temperature,  and  by  increasing  their  weight  increases 
the  loss  up  the  stack.  The  heat  loss  in  the  waste  gases  is  then  rep- 
resented by  the  area  AKLQ,  and  the  loss  due  to  the  leakage  of  air 
is  represented  by  the  difference  of  the  areas  AKLQ  and  AJID. 

(/)  The  total  moisture  (from  the  coal  and  air,  the  water  of  com- 
position, and  the  moisture  fonned  by  the  burning  of  the  available 
hydrogen  of  the  coal)  lowerfe  the  temperature  of  combustion  and  with 
its  high  specific  and  latent  heat  increases  the  loss  up  the  stack. 

The  heat  value  of  the  coal  is  represented  by  the  total  area  ABCD, 
the  heat  actually  evolved  in  the  furnace  by  the  area  AEFD,  the  heat 
available  to  the  boiler  by  the  area  JGHI,  and  the  heat  absorbed  by 
the  boiler,  if  there  were  no  leakage  of  air,  by  the  area  JGHI.  When 
air  leaks  into  the  setting  the  heat  absorbed  by  the  boiler  is  repre- 
sented by  the  difference  between  the  area  AGHD  and  the  area  AKLQ. 

In  most  of  the  commercial  appliances  for  making  steam  the 
process  of  heat  absorption  begins  before  the  process  of  .heat  evolu- 
tion has  been  completed;  in  fact,  the  two  processes  go  on  together 
as  soon  as  the  temperature  of  the  gases  has  risen  sufficiently  above 
the  temperature  of  the  steam.  This  is  true  to  a  great  extent  with  all 
furnaces  having  no  clay-tile  roof  and  no  combustion  chamber  and 
with  all  internally  fired  boilers.  Even  in  a  furnace  of  the  Heine  type 
a  considerable  portion  of  the  heat  is  absorbed  by  the  boiler  through 
tli(»  til(»  roof.  Such  abstraction  of  heat  necessarily  reduces  tVve^^ecsaS. 
temperature  of  the  products  of  combustioii. 
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HIGH  IKITIAL  FUBKACE  TEMPEKATTJBE  AND  ITS  EFFECT  OK  ECOHOMY. 

From  what  is  said  in  the  paragraphs  on  efficiencies  it  appears  that 
more  heat  can  be  made  available  for  the  boiler  if  higher  initial  tem- 
perature and  lower  steam  pressure  be  used.  In  general  this  proposi- 
tion is  true;  however,  both  conditions  have  their  limits  beyond  which 
new  losses  coming  into  play  more  than  counterbalance  the  gain. 

First  let  the  relative  gain  and  loss  due  to  high  initial  temperature 
be  considered.  In  order  to  obtain  high  initial  temperature  it  is  neces- 
sary to  reduce  the  weight  of  gases  per  pound  of  ''  combustible."  This 
condition  means  that  less  air  is  admitted  into  the  furnace  and  less  free 
oxygen  is  present  in  the  gases.  The  reduction  of  free  oxygen  in  the 
gases  necessarily  increases  the  amoimt  of  incomplete  combustion,  as 
shown  in  figs.  13  (p.  22),  14  (p.  23),  and  31  (p.  51).  The  curve  of 
fig.  31  indicates  that  the  furnace  efficiency  drops  very  rapidly  after 
the  COj  content  in  the  flue  gas  has  reached  about  9  per  cent  (perhaps 
11  or  12  per  cent  in  the  furnace,  before  the  gases  have  been  diluted 
by  leaks). 

The  loss  up  the  stack  is  not  reduced  so  much  as  the  reduction  of  the 
weight  of  the  gases  per  poimd  of ''  combustible  "  would  indicate,  because 
with  the  rise  of  the  initial  temperature  the  flue-gas  temperature  also 
rises.  The  curve  of  fig.  16  (p.  24)  shows  this  relation  of  the  flue-gas 
temperature  to  the  initial  (combustion-chamber)  temperature. 

To  show  that  extremes  either  in  high  or  low  initial  temperature 
may  reduce  the  combined  efficiency  of  the  furnace  and  boiler,  three 
cases  were  computed,  and  the  results  are  given  on  page  101. 

Suppose  that  the  coal  of  test  204  is  burned  with  three  difTerent  fur- 
nace-gas compositions,  having  CO.^  contents  of  7.0,  10.0,  and  13.0 
per  cent,  the  respective  percentages  of  completeness  of  combustion 
as  obtained  from  the  carve  of  fig.  31  will  be  91.8,  90.5,  and  86.4  per 
cent.  To  account  for  the  loss  in  incomplete  combustion  the  flue-gas 
analyses  might  be  about  as  given  below: 

Ilypothetica  I  fa  e-ijaa  n  n  alyses. 


(las. 

Case  1. 

Case  2. 

Case  3. 

COj 

7.0 

10.0 

13.0 

Oa 

12.0 

8.0 

5.0 

CO 

.2 

.4 

1.0 

CUi 

.15 

2 

.4 

Hj 

1 

o 

.A 

CjU, 

.05 

.  1 

•} 

Nj 

.SO.  5 

SI.  1 

SO.  1 

HX)  00 

100  0 

100.0 

Except  perhaps  CO,  all  the  combustible  gases  in  all  three  cases  are 
by  ordinary  metliods  undeterminable;  it  is  simply  assumed  that  they 
are  present.     The  heat  loss  due  to  each  combustible  gas  in  the  as- 
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sumed  composition  of  flue  jjases  is  computed  by  the  following  general 
f  onnulas : 

(a)  Ijoss  due  to  CO  = 

_28CO jper  cent  of  carbon  1  w  j,  ooe 

12  (CO,  -f  CO  +  CH,  +  2CJI J  ^  I  in  ^'  combustible  ^^  ^'*^'''^' 

(h)  Loss  due  to  CH4  = 

16CH^ \peT  cent  of  carbon!        90  Kin 

1 2~  (CO2  +  CO +  CH,  +  2C;H,)^  I  in '^combustible'^  I  ^  -i,^iu. 

(c)  Loss  due  to  H,  = 

2H2 _       (per  cent  of  carbon  1        ^o  hqo 

•  12  (C02  +  CO  +  CH,  +  2C2H,)^|  in ''combustible^'!  ^  ^^^^'^^^• 

(d)  IjOss  due  to  Cfl^  = 

28C2H4  v/iper  cent  of  carbonl  v.  01  o^n 

12  (C02-hCO  +  CH,4-2C;H,)^lin"combustible''J  ^  -^^^^u. 

The  number  at  the  end  of  each  formula  is  the  heat  value  of  1  pound 
of  that  particular  gas.     The  results  obtained  are  in  B.  t.  u. 

The  loss  due  to  the  presence  of  each  gas  in  each  of  the  three  cases, 
together  with  the  calculated  results,  is  shown  below. 

Calculated  losses  ami  results  due  to  the  presence  of  combustible  gases  in  the  flue  gases  in  the 

three  cases  {steam  pressure  taken  to  be  80  pounds  gage). 


Loss  duo  to 
CO  . . . . 
CII..... 


II,... 

C,Il4. 


Total  loss. 


Caioulatod  n»sult8: 

Heat  value  of  1  pound  of  "combustible" B.  t.  u.. 

Uoat  p vol  ved  In  furnace do 

Dry  gas  pt^r  pound  of  "combustible  " pounds. . 

Water  vapor  per  pound  of  '•coml)ustiblo  " do 

Teniperatun^  of  product  of  combustion  (if  complotene^ss  of  combus- 
tion wen»  100  per  «uit ) °Fo. . 

I'rohahle  completeness  of  combustion per  cent. . 

Trohable  tempt>rature  of  products  of  combustion °F.. 

Probable  Ihie-gas temperature. do 

Ileal  jjbsorl)ed  by  boiler B.  t.  u.. 

Holler  «'llieiency 

Ov«T-aIl  eflicleiicy 


Casel. 

Case  2. 

Case  3. 

227 

313 

572 

529 

487 

710 

no 

160 

176 

280 

^87 

564 

1,152 

1.347 

2,022 

14.«60 

14,660 

14,660 

13.4GO 

13,270 

12,670 

14.23 

19.3 

27.71 

0.5887 

0.5887 

0.5887 

2,075 

2,906 

3.850 

91.8 

90.5 

86.4 

'        1,903 

2.624 

3,310 

1           543 

508 

639 

'        9,424 

10,053 
75.9 

9,875 

69.9 

77.8 

64.2 

68.7 

67.3 

^ 

«  Sp<»cific  heats  assumed  to  Ikj  constant. 

The  diagrams  giving  the  representation  of  the  various  quantities 
of  heat  of  the  three  cases  discussed  are  presented  in  fig.  55.  Each  of 
the  areas  ABCD  is  the  potential  heat  in  the  coal;  the  areas  BCFE  are 
tli(^  incomplete  combustion  losses;  each  of  the  areas  AEFD  is  the 
heat  actually  evolved  in  the  furnace.  Of  the  heat  evolved  in  the 
furnace  only  the  area  GEFII  in  each  diagram  is  the  heat  absorbed 
by  the  boiler.     The  minor  losses  are  not  represented  in  detail. 
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The  over-all  efficiency  indicates  that  it  is  bwtter  to  bum  the  coal 
with  the  initial  temperature  given  in  case  II  than  with  the  high  initial 
temperature  given  in  case  HI,  although  the  latter  gives  much  better 
results  than  the  low  temperature  in  caae  I.  On  account  of  the 
increased  radiation  at  liigh  temperature,  the  actual  results  in  case  III 
might  not  show  so  much  advantage  over  case  I  as  the  calculated 
results. 

Another  disadvantage  of  high  initial  temperature-  is  the  deteriora- 
tion of  the  furnace.  When  liigh  furnace  temperatures  are  used  the 
bridge  wall  has  to  be  rebuilt  often  and  the  side  walls  lined.  A  hot 
fuel  bed  melts  the  refuse  on  the  grate  and  causes  the  formation  of 
clinkers.     Hot  clinker  warps  and  destroys  the  grate  bars,  besides 
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making  tlw  lires  very  hard  t"  clean  and  di.sturbing  the  evenness  of  the 
air  supply  throiigli  I  lie  fuel  bed. 

Fig.  17  shows  tlinl  in  general  the  capacity  of  the  boiler  increases 
as  tlic  combusli(in-<'lianibcr  or  initial  tenijMTature  rises.  The  advan- 
tagi's  and  disadvantages  of  liigh  initial  temperature  may  be  summa- 
rized as  follows;  Advantagc,s^((i)  Increase  in  boiler  efficiency;  (6) 
iiicn'ase  in  rapu<-ity.  Disadvantages— («)  More  loss  by  incomplete 
combustion;  (/))  increiiKcd  rndiaiion;  (ci  deterioration  of  furnace. 
LOW  STEAM  FBESBUBE  AHD  ITS  ESTECT  OH  ECONOIIT. 

It  has  been  said  that  mon'  heiit  could  be  made  available  and  more 
heat  Hinild  be  absorbed  by  the  boiler  if  l(wer  stenni  pressure  were 
used.     For  power  purposes,  \\o'«e\'eT,  ftvc  ■jim.  \yv  VoisY  affi-fiifincy 
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would  bo  more  than  oflFset  by  the  loss  in  availability  of  the  heat  for 
the  engine.  If,  however,  the  steam  at  low  pressure  be  highly  super- 
heated and  used  in  a  steam  turbine  specially  designed,  an  increase  of 
1  to  4  per  cent  in  the  thermodynamic  efficiency  of  the  outfit  might  be 
expected. 

In  the  following  paragraph  is  a  conservative  computation  of  the 
probable  increase  of  the  efficiencies  of  a  boiler  and  a  steam  turbine 
resulting  from  the  reduction  of  steam  pressure  and  the  superheating 
of  the  steam.  In  the  computation  of  the  steam-turbine  efficiencies 
it  has  been  assumed  that  the  friction  of  the  steam  through  the  nozzles 
and  the  turbine  blades  would  decrease  as  the  pressure  dropped,  and 
that  the  expansion  of  the  steam  would  therefore  be  more  nearly 
adiabatic.  This  reduction  of  friction  can  be  reasonably  expected, 
because  the  friction  of  fluids  against  a  solid  increases  directly  as  the 
density  of  the  fluid.  Furthermore,  the  expansion  of  highly  super- 
heated steam  at  low  pressure  will  take  place  entirely  in  the  super- 
heated region,  and  thus  friction  due  to  condensed  steam,  which  is  a 
serious  item  in  steam  turbines  as  ordinarily  built  and  operated,  will 
be  avoided. 

Let  four  cases  be  considered — case  4,  gage  pressure  200  poimds, 
superheat  200°  to  587.5°  F.;  case  3,  gage  pressure  100  pounds,  super- 
heat to  800°  F.;  case  2,  gage  pressure  25  pounds,  superheat  to  800°  F.; 
case  1,  gage  pressure  15  pounds,  superheat  to  800°  F.;  temperature 
of  feed  water,  82°  F.;  condenser  vacuum,  1.2  pounds  absolute  pres- 
sure (28  inches  mercury  below  an  atmospheric  pressure  of  14.7 
pounds).  Assume  the  coal  of  test  204  to  be  burned  with  the  resulting 
product  of  combustion  equal  to  19.3  poimds  of  dry  chimney  gases 
per  pound  of  "  combustible.''  The  heat  in  chimney  gases  per  1°  F.  per 
pound  of  combustible  is,  in  dry  gases,  19.3  X  0.24  =  4.63  B.  t.  u.; 
in  moisture,  0.5887  X  0.48  =  0.28  B.  t.  u. ;  total,  4.91  B.  t.  u.  The 
heating  value  of  1  pound  of  combustible  is  14,660  B.  t.  u.  About 
83  per  cent  of  the  increase  in  the  heat  available  for  the  boiler  due  to 
the  drop  of  steam  temperature  will  be  absorbed  (the  true  boiler 
efficiency  being  taken  at  about  83  per  cent). 

Calculated  increase  of  boiler  efficiency  due  to  drop  in  steam  temperature. 


Heat  tiikon  out  of  fliio  pisos  duo  to  drop'of  st<>aTn  temperature  B.  t.  u 

rrobabU'incn'aso  in  boiler  efficiency.  |)t^rcent 


Drop  of  steam  pressure 
(pounds)  from  200  to  — 


This  increase  in  boiler  efficiency  may  seem  small.  However,  the 
great  reduction  of  the  first  cost  of  installation  of  a  plant  makes  the 
reduction  in  steam  pressure  appear  more  practicable — for  instaiAa^.^ 
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multitubular  boilers  would  then  be  as  safe  as  water-tube  boilers. 
Further,  83  per  cent  true  boiler  efficiency  should  be  far  surpassed  in 
the  future. 

Quantities  used  in  calculation  and  probable  results  of  the  use  of  steam  of  low  pressure 

and  high  superheat  in  steam  turbines. 


Steain  pressure  by  gage pounds.. 

Steam  pressure,  absolute do. . 

Temperature  of  saturated  steum ''F. . 

Temperature  of  superheated  steam do. . 

Temperature  of  superheated  steam ,  absolute    do. . 

Total  heat  of  superheated  steam  above  82  °F.  (AO  .  ..B.  t.  u. . 

Total  heat  in  steam  at  28-inch  vacuum  above  82  **F.  (A2)..do. . 
Ai— Aj do.. 

Assumed  coefficient  of  friction  of  steiim  in  nozzle  and  blades 
(see  p.  103) 

Coefficient  of  friction  calculated  from  the  law  of  friction  of 
fluids,  assuming  the  one  in  case  4  to  be  0.3 

Heat  converted  into  work,  Ilw,  calculated  with  the  assumed 
coefficient  of  friction 

Thermodynamic  efficiency  of  steam  turbine 

Over-all  efficiency  of  steam -generating  outfit 

Combined  thermodynamic  efficiency  of  boiler  and  turbine 

Gain  in  combined  thermodynamic  efficiency  of  boiler  and  tur- 
bine over  case  4 


[^asel. 

1 
Case  2. 

15 

25 

297 

39.7 

249  5 

267.0 

800 

800 

1,260  8 

1,2(30.8 

1.372  5 

1.309.0 

1.035 

1,031 

337.5 

338 

0.10 

0.12 

0.084 

0.10 

303.0 

297.5 

22.1 

21.7 

08.85 

68.35 

15.2 

14.8 

16.1 

13.0 

Case  3. 


Case  4. 


100 

200 

114.7 

214.7 

327.0 

387.5 

800 

587.5 

1260.8 

1,048.3 

1367.0 

1,245  0 

978 

888 

379 

357 

a24 

0.30 

0.22 

2880 

250  0 

21.2 

20  1 

66.66 

650 

14.1 

13.1 

7.6 

The  coefficient  of  friction  of  steam  in  nozzles  and  blades  was 
assumed  to  be  0.3  for  case  4,  which  is  in  close  agreement  with  practice. 
The  coefficients  of  friction  for  the  other  thi-ee  cases  were  taken 
somewhat  larger  than  those  calculated  from  the  law  of  friction  of 
fluids,  in  order  to  be  safe. 

The  over-all  efllcioncy  of  a  steam-generating  outfit  in  case  4  was 
assumed  to  be  65.0,  whicli  can  bo  attained  in  a  well-operated  boiler 
room.  Tlie  over-all  boiler  efficiencies  in  the  other  three  cases  were 
obtained  by  adding  to  05  the  increase  in  efficiency  as  calculated  in 
th(»  })receding  paragraplis. 

Fig.  56  shows  the  cycle  of  thermodynamic  processes  of  each  of  the 
four  cases.  In  the  chart  the  subscripts  1,  2,  3,  and  4  of  the  letters 
refer  to  cases  1,  2,  3,  and  4,  respectively;  letters  having  no  subscripts 
are  applicable  to  all  cases. 

Take  case  4  for  example:  Tlie  area  under  AB^  represents  the  sen- 
sible heat  of  the  water,  the  area  under  B^C^  the  latent  heat  of  steam, 
and  the  area  under  CJ)^  the  heat  in  tlie  steam  due  to  superheat  at 
constant  })ressur(»;  the  total  heat  in  the  superheated  steain  as  it 
reaches  the  steain  tur])ine  is  then  represented  1)y  the  area  under 
AB/\D4.  If  there  wen^  no  friction  of  steam  during  the  expansion  in 
the  steam  nozzle  and  the  blades  the  expansion  would  be  purelv 
adia])atic,  and  in  the  diagram  it  would  be  represented  by  a  vertical 
line  from  tlu^  point  Dp  However,  since  friction  comes  into  play 
during  the  (^\})ansi()n  and  chang(\s  })art  of  tlie  velocity  of  steam  back 
into  heat,  the  expansion  is  a  combination  of  the  processes  of  adia- 
bdtic  exj)ansi()n  and  heating  at  constant  pressure,  and  is  represented 
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in  the  chart  ijy  the  curve  D^F^.  The  heat  rejected  to  the  condenser 
is  the  lieat  under  AEF,.  In  cases  1  and  2  the  heat  rejected  is  the 
heat  under  AEHF,  and  AEHF,,  respectively,  since  the  steam  reaches 
the  condenser  in  a  slightly  superheated  state.  The  difference  between 
the  heat  delivered  to  the  turbine  and  the  heat  rejected  to  the  con- 
denser is  the  heat  which  has  been  transformed  into  the  velo<!ity  of 
steam  which  is  represented  by  the  area  under  ABjC^D^  minus  the 
area  under  AEF,.  It  must  he  understood  that  the  heat  changeil  into 
motion  is  not  represented  by  the  area  inclosed  by  EB,C,D,F,. 


.•DC 
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From  the  verj-  start  of  the  steaming  tests  those  conducting  them 
suufiht  t<t  separate  the  performance  of  the  boiler  as  a  heat  absorber 
from  tlie  jicrfornianre  of  the  fuel  bed  and  fumaoe  as  a  heat  producer. 
In  wriiing  up  the  stages  through  which  opinions  progressed  it  seems 
best  to  adopt  the  historical  method  and  outline  all  attempts,  up  to 
tlie  last  calculations,  which  are  both  theoretical  and  practical,  bftw.-^ 
determined  from  about  400  tests.     This  Vast  -wotV.  KvMa\<  Vfe  \s^*^  *»• 
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neither  final  nor  even  necessarily  correct;  it  is  simply  the  best  we 
know  at  present.  All  opinions  expressed  or  deductions  drawn  must 
be  imderstood  as  merely  tentative,  and  the  right  is  reserved  to  change 
part  or  all  of  them  at  any  future  time. 

The  first  definite  calculations  on  boiler  efficiency  were  made  in 
January,  1906,  in  an  attempt  to  check  the  temperature  indications 
of  a  Wanner  optical  pyrometer,  which  had  been  used  to  ascertain 
the  temperatures  in  the  rear  of  the  combustion  chamber.  Some- 
times the  observation  was  taken  by  looking  at  flame,  in  which  case  it 
was  postulated  that  the  flames  of  various  coals  differ  in  brightness 
at  the  same  temperature;  and,  perhaps,  although  the  particles  of 
incandescent  carbon  from  which  the  pyrometer  received  its  light 
were  really  at  the  temperature  as  read  off  the  scale,  such  a  likely 
condition  was  no  assurance  that  the  molecules  of  gas  between  were 
as  hot;  the  reasonable  assumption  would  be  that  they  were  cooler. 
Or,  worse  yet,  when  a  coal  and  the  conditions  of  a  test  were  such  as 
to  give  short  flames,  or  none,  in  the  rear  of  the  combustion  chamber, 
and  the  pyrometer  received  its  light  from  the  opposite  side  wall,  it 
was  plainly  evident  on  observation  that  the  temperature  as  read 
from  the  instrument  was  too  low,  because  the  side  wall  was  cooler 
than  the  tile  furnace  roof,  on  account  of  its  radiating  heat  to  the  bare 
water  tubes  near  by,  which  the  tile  roof  could  not  do.  Even  the 
tiles  of  the  roof  were  conducting  heat  through  to  the  tubes  which  they 
protected.  These  and  other  considerations  put  the  indications  of 
the  optical  pyrometer  in  (juestion,  through  no  fault  of  its  own. 
Attempts  were  made  to  chock  the  p^Tometer  with  a  platinum  and 
platinum-rhodium  thermoelectric  couple,  but  the  porcelain  tubes 
slag<red  and  melted  away  within  an  hour  or  so  under  the  high  tem- 
peratures used,  and  a  satisfactory  protection  for  the  jimction  was 
not  made  to  work  reliably  until  too  late  for  this  purpose.  By  this 
time  it  had  been  learned  that  the  ascertainment  of  the  temperature 
of  the  gases  entering  the  boiler  was  not,  after  all,  of  such  overwhelm- 
ing importance.  So  this  tedious  checking  of  the  optical  pyrometer 
was  dropped  for  more  fruitful  work.  There  is  a  general  impression 
among  the  observers  that  the  ])vr()meter  when  used  on  such  fiu*- 
naces  r.s  these  is  usually  correct  within  50°  C.  or  100°  F.  (For  a 
description  of  the  method  of  protecting  the  thermoelectric  couple 
with  a  water  jacket  and  cheap  clay  pipestems  see  p.  54.) 

These  calculations  on  boiler  efiiciency  were  made  because  an 
attempt  to  obtain  any  curve  of  relationship  ])etween  combustion- 
chamber  temperatures  (obtained  by  the  Wanner  optical  pyrometer) 
and  over-all  efiiciency  of  the  furnace  and  boiler  combined  resulted 
in  a  failure,  the  points  falling  all  over  the  sheet  of  coordinate  paper. 
At  that  time  the  impression  of  the  staff  was  that  the  following  formula 
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applied  to  boilers  as  well  as  to  condensers,  and  so  it  does,  but  that  is 
only  one-third  of  the  storv': 

EfRciency  of  boiler  as  a  heat  absorber  =  ^  ;jr  *  where  ti=  initial 

temperature  of  gases  above  atmosphere,  and  t2=  final  temperature 
of  gases  above  atmosphere. 

Many  of  the  staff  believed  at  that  time  that  if  the  air  supply  per 
pound  of  coal  were  reduced,  without  decreasing  the  completeness  of 
combustion  (in  consequence  of  which  the  initial  temperature  t^ 
would  rise),  the  final  temperature  tj  would  fall,  or  at  least  not  rise 
proportionately  with  t^.  It  is  frequently  stated  by  authorities  on 
boiler  testing  that  if  the  same  number  of  heat  units  be  liberated  in 
a  furnace  per  second  in  two  cases — ^first,  with  a  small  air  excess,  and 
second,  with  a  large  air  excess — the  final  or  flue  temperature  in  the 
fu^t  case  will  be  the  lower.  This  assumption  may  be  true  with  some 
boilers,  or  with  most  boilers,  or  even  with  those  of  this  plant,  but 
after  careful  investigation  of  large  numbers  of  actual  simultaneous 
readings,  the  staff  has  become  convinced  that  such  a  theory  is  both 
practically  and  theoretically  untrue;  and  that,  on  the  contrary,  a 
rise  of  furnace  temperature  usually  causes  a  proportionate  rise  of 
flue  temperature,  the  ratio  between  these  temperatures  being 
almost  independent  of  the  mass  of  gases  passing.  For  a  long  time  this 
conclusion  was  hard  to  believe,  for  on  closing  the  stack  damper  a 
little,  at  times,  the  combustion-chamber  temperature  rose  and  the 
stack  temperature  fell;  yet  nothing  appears  more  certain  on  obser- 
vation than  that  the  sun  moves  around  the  earth. 

It  seemed  almost  axiomatic  that  the  higher  the  initial  temperature 
the  greater  the  amount  of  heat  which  would  pass  into  the  boiler  because 
of  the  greater  temperature  difference  between  gases  and  water,  yet 
this  proposition  is  only  slightly  true.  Likewise  it  seemed  axiomatic 
that  a  high  combustion  temperature  would  certainly  aid  combustion 
of  smoke  and  hydrocarbons,  which  it  would  do  if  other  accompany- 
ing conditions  w^ere  not  usually  adverse  enough  to  neutralize  all  gain. 
Because  of  these  two  propositions,  which  were  apparently  axio- 
matic, it  was  concluded  that  when  the  optical-pyrometer  tempera- 
tures and  the  over-all  efliciencies  of  the  fuel  bed,  furnace,  and  boiler 
(72*)  failed  to  agree,  the  pyrometer  was  given  unreliable  indications, 
through  no  fault  of  its  own.  So  the  first  calculation  was  inciden- 
tally made  of  what  was  then  called  true  boiler  efficiency,  in  order  to 
figure  backward  to  the  combustion-chamber  temperatures,  by  means 

of  the  above  formula,    ^  .    *•     The  so-called   true   boiler  efficiency 

was  calculated  for  each  of  about  125  tests  by  means  of  the  formula. 

True  boiler  efficiency  = 

Efficiency  72* 

100  —  [CO  loss  in  p.  ct.  +  (imaccounted-tox  \\.eHvm^.^\..— '^"^•^^^ 
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All  the  above  percentages  were  taken  from  the  tests  ms  calculated 
by  the  A.  iS.  M.  "R.  code.  It  will  be  noticed  that  the  incomplete- 
combustion  loss  was  taken  as  being  the  unaccounted-for  it-eni  minus 
3  per  cent  radiation.  This  was  verj^  crude,  but  the  best  we  knew. 
The  results  were  disappointing  and  not  clear,  but  as  negative  results 
they  were  yevy  instructive.  Eighty-eight  per  cent  of  the  so-called 
true  boiler  efficiencies  fell  between  70  and  75  per  cent,  and  such 
uniformity  surprised  everyone.  The  combustion-chamber  tempera- 
tures, calculated  backward  by  e(|iiating  these  efficiencies  to  the  ex- 
pression   '  .    ^  in  which  t.^  was  knowTi,  turned  out  ridiculously  low 

and  the  individual  temi>eratures  were  ver^^  erratic.  On  leaving 
out  a  few  abnormal  tests,  more  than  90  per  cent  of.  those  remaining 
had  a  so-called  *^true  boiler  efficiency"  between  70  and  75  per  cent. 
These  calcidations  took  much  hard  work,  the  details  of  which  are 
omitted,  inasnuich  as  it  gave  only  negative  and  prophetic  results  that 
were  of  little  value  in  themselves.  ^ 

The  great  value  of  the  work  lay  in  the  result  that  it  shook  previously 
conceived  ideas,  some  of  which  were  widely  believed.  The  consequenrt 
inquiry  took  two  forms — (a)  a  general  mathematical  study  of  the 
impartation  of  heat  from  fluids  (including  gases)  to  solids  and  vice 
versa,"  and  (6)  a  routine  analysis  of  samples  of  gases  from  the  rear 
of  the  combustion  chamber  and  the  stack  for  minute  traces  of  hvdro- 
gen  and  hydrocarbons. 

An  ordinary  lloinple  pipette  and  absorption  bulbs  for  analysis  of 
illuminating  gas  an*  accurate  cmly  to  about  0.2  or  0.3  per  cent  when 
very  carefully  manipulated.  Unfortunately  a  mere  trace  of  meth- 
ane— for  instance^,  to  the  extent  of  0.1  per  cent  by  volume  in  the  flue 
gases — is  suflicient  to  rcpr(\sent  ordinarily  a  loss  of  2  per  cent  of  the 
coal  due  to  incoin])lete  combustion.  (See  p.  100.)  Nevertheless,  for 
some*  wec^ks  several  analysers  \\(»re  made  daily  for  traces  of  hydrogen 
and  hy(lr()car])()ns,  and  on  several  da3's  these  constituents  occurred 
persist (Mitly  and  very  appreciably,  so  as  to  indicate  losses  of  many  per 
cent  due  to  incomplete  c()ml)ustion.  On  account  of  the  w^ell-known 
diiliculty  of  obtaining  accuracy  in  determinations  of  this  kind,  due  to 
the  small  volunu^s  of  these  gas(\s  that  are  ordinarily  prescmt,  this  work 
will  not  he  ])ul)lisli(Hl.  It  has,  however,  along  with  many  kinds  of  cir- 
cumstantial evidence,  strengthened  the  belief  that  the  losses  due  to 
incomplete  combustion  generally  amount  to  several  per  cent  of  the 
potential  heat  in  the  coal  l)urne(l.  This  presumptive  loss  w^ill  also 
be  investigated  in  one  or  two  other  ways. 

Incidentally  it  may  be  nMuarked  that,  if  developed,  such  methods 
of  ni(»asuring  minute  traces  of  hydrogen  and  hydrocarbons  will  be 


"  It  w.is  forliinjitcly  found  tliat  John  iVrryhji'l  done  much  oxtM-llont ,  Iml  niatheinatically  involved, 
work  oil  (his  snl»jirt ;  an  aoeovnU  ut  \V  U  rvvou  u\  liis  book  "Steam  Engines  and  Gaa  and  Oil  Engines.'* 
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useful  when  applied  to  gas-engine  exhaust  gases.  The  mere  analysis 
of  exhaust  gases  for  CO.^,  O2,  and  CO,  resulting  in  no  trace  of  CO, 
does  not  prove  complete  combustion  by  any  means. 

THEORETICAL  COKSIDESATIONS. 

The  tentative  formulas  developed  by  Perry  are  so  significant  and 
so  important  that  a  general  outline  of  them  is  here  given.  According 
to  his  theory  the  rate  of  heat  impartation  to  a  boiler  tube  is,  for  ordi- 
nary gases,  proportional  to  (1)  temperature  differences  of  the  gases 
and  the  metallic  surface;  (2)  density  of  the  gas;  (3)  velocity  of  the  gas 
parallel  to  the  metallic  surface,  and  (4)  specific  heat  of  the  gases  at 
constant  pressure.  The  first  of  these  factors  is  the  only  one  usually 
thought  of,  and  its  applicability  is  perhaps  self-evident. 

In  considering  factor  2  it  is  plain  that  the  individual  molecules  of 
gas  give  up  their  heat  by  vibrating  against  the  metal.  The  greater 
the  number  of  molecular  impacts  per  second  against  a  unit  area  of 
the  tube  the  greater  the  amount  of  vibration  (heat)  imparted  to  the 
molecules  of  the  metal.  But  the  number  of  impacts  is  directly  pro- 
portional to  the  density,  or  weight  per  liter  or  cubic  foot.  At  a  con- 
stant pressure  (a  little  less  than  atmospheric  in  boiler  practice),  the 
density  is  inversely  proportional  to  the  absolute  temperature,  and  at 
high-furnace  temperature  it  is  almost  inversely  proportional  even  to 
the  temperature  reckoned  above  steam  temperature.  On  this  account 
there  is  a  direct  neutralization  of  gain  when  striving  for  high  temper- 
ature in  steam-boiler  practice,  for  as  the  temperature  is  raised  the 
number  of  molecules  in  action  against  any  portion  of  the  heating  sur- 
face is  reduced. 

In  considering  factor  3  a  mental  image  should  be  formed  of  the 
appearance  of  a  cross  section  of  intensely  magnified  heating  surface. 
The  molecules  of  the  metal  would  probably  appear  to  be  in  an  ex- 
tremely rapid  state  of  vibration,  with  spaces  between  them  much 
larger  than  the  molecules.  Entangled  among  the  outer  molecules 
there  would  be  comparatively  stationary  molecules  of  gas  held  close 
together  in  a  dense  film  next  to  the  metal.  Farther  out  normal  gas 
is  reached,  where  the  molecules  are  widely  scattered.  All  these  gas- 
eous molecules,  from  those  entangled  among  the  surface  molecules  of 
metal  to  those  in  the  gas  of  normal  density,  would  be  in  an  invisibly 
rapid  state  of  vibration,  but  those  close  to  the  metal  would  be  more 
or  less  ^^ bound'*  by  the  attraction  of  the  metal.  Now,  this  layer  of 
condensed  gas,  so  to  speak,  is  very  adherent  to  the  metal,  and  conse- 
quently a  very  poor  conductor  of  heat  (since  heat  in  material  bodies 
is  a  matter  of  the  vibration  of  their  molecules),  so  that  the  hope  of 
getting  heat  through  it  lies  in  the  possibility  of  dislodging  slowly 
vibrating  (cold)  molecules  from  this  layer  and  replacing  them  with 
rapidly  vibrating  (hot)  ones.     It  can  be  imagined  that  ^'^  ^  ^sXx^'SbxsN. 
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of  hot  gas  moves  along  the  metal  parallel  to  its  surface,  an  average  of 
one-third  of  its  molecules  are  flying  back  and  forth  perpendicular  to 
the  surface,  and  the  dislodging,  sweeping,  or  scrubbing  eflFect  of  th^se 
molecules  on  the  layer  of  gas  molecules  adhering  to  the  metal  is  pro- 
portional to  the  velocity  of  the  mass  of  gas  parallel  to  the  heating  sur- 
face. Thus  it  is  that  the  velocity  of  gases  through  a  boiler  tube  (a 
fire  tube,  for  instance)  is  an  important  factor  in  heat  absorption.  It 
is  this  dislodgment  that  makes  a  boiler  respond  in  amount  of  steam 
made  to  any  reasonable  demands  put  on  it.  If  twice  the  mass  of  gas 
is  put  through  the  tube  per  second  at  the  same  initial  temperature, 
very  nearly  twice  as  much  steam  will  be  generated  on  the  other  side 
of  the  tube. 

In  considering  factor  4,  the  specific  heat  of  the  gas  at  constant  pres- 
sure, it  is  evident  that  inasmuch  as  a  cubic  centimeter  of  any  gas  at 
any  temperature  and  pressure  contains  the  same  number  of  molecules 
as  a  cubic  centimeter  of  any  other  gas  imder  the  same  conditions 
(Avogadro's  law),  and  inasmuch  as  various  gases  on  cooling  give  up 
various  amounts  of  heat  per  degree  of  temperature  drop— that  is, 
they  have  different  specific  heats  at  constant  pressure — a  given  num- 
ber of  molecular  impacts  of  different  gases  will  give  up  more  or  less 
energy,  according  as  the  specific  heats  of  the  gases  are  respectively 
more  or  less. 

The  relation  between  the  heat  transmitted  per  second  per  unit  of 
heating  surface  and  the  four  factors  is  expressed  by  the  equation — 

II  =  Cpv  (T.-TJ 
where  11  =  the  amount  of  heat  transmitted; 

C  =  the  specific  heat  times  a  constant ; 

p  =  density  of  the  gas; 

V  =  velocity  of  the  gas  parallel  to  the  metallic  surface; 
(Ti  —  TJ  =  the  difference  of  temperatures  of  the  gases  and  the  water. 

Perry"  arrives  at  the  above  equation  by  the  foUow^ing  reasoning: 
Referring  to  fig.  57,  let  AB  represent  a  small  portion  of  a  heating 

surface.     G,  to  G.  are  molecules  of  the  eras 

5^  I  that  are  entangled  among  the  molecules  of 

I  I  the  metal  and    therefore   have  no  velocity 

^1?   t  .  parallel  to  the  surface  of  the  boiler  plate: 

1    wr^     *-  however,  these  molecules  have  velocity  of 

-Z^//^^J^^:gr  yil^ration  in  all  planes  due  to  their  tempera- 

Fio.oT.-Diagram  illustrating  tho    tures.     M  and  M^  arc  molcculcs  of  the  gas 

theory  of  the  disUxigniont  of    which  havc  uot  onlv  the  vclocity  of  vibra- 

;";:<^T::„:;":'™"    tum,  but  also  the  velocity  parallel  to  the 

heating  surface.  Inasmuch  as  the  con- 
duct ivity  of  the  metal  itself  in  a  boiler  lluc^  is  so  great  that  there  is 
\i'Y\  little  difference  of   temperature   between    the  gas  surface   and 

a  Steam  "Engines  an<\  Voms  anvi  Vi\\.  Y.\\^\vi?>,  vv-  587-591. 
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the  water  surface,  the  heat  transmitted  through  the  metal  may 
be  taken  to  be  equal  to  the  heat  imparted  to  the  film  of  the 
gas  adhering  to  the  metal.  This  assumption  makes  the  temper- 
ature of  the  film  equal  to  the  temperature  of  the  metal  and  also  to 
that  of  the  water.  Now,  suppose  n  represents  the  number  of  the 
molecules  (M)  which  enter  the  adhering  film  of  the  gas,  and  also  the 
number  of  molecules  (G)  which  leave  the  film  of  the  elementary  sur- 
face AB  per  unit  of  gas.  Let  Tj  be  the  average  temperature  of  the 
entering  molecules,  and  Tg  the  temperature  of  the  film  and  of  the 
leaving  molecules.  The  molecules  enter  and  leave  the  film  with  an 
average  momentum  in  the  axial  direction  that  is  proportional  to  the 
axial  velocity  (v)  of  the  gases  through  the  flue.  The  force  of  friction 
(F)  is  the  axially  directed  momentum  given  to  the  adhering  layer  of 
molecules,  so  that  per  imit  area  the  friction  (F)  is  proportional  to 
nv  (as  the  momentum  of  a  body  is  the  product  of  its  weight  and  its 
velocity).  The  heat  (H)  given  to  the  film  per  second  per  unit  sur- 
face AB  is  proportional  to  n  (Ti  — Tg),  or — 

(1)  II  =  Cn  (Ti  — Tg),  where  C  is  a  constant. 

(2)  ButasF  =  Cnv, 

(3)  Then  H  =  K —j  where  K  is  another  constant. 

Now,  the  friction  of  fluids  against  a  solid  varies  directly  as  the 
density  and  the  square  of  the  velocity  of  the  fluid,  or- 

(4)  F  =  Cpv^,  where  p  is  the  density  of  the  fluid. 

By  substituting  for  F  in  equation  3  its  value  in  equation  4,  the 
fundamental  equation  as  given  before  is  obtained: 

(5)  n  =  Cpv(T,-Tg). 

In  the  foregoing  equations  the  C  and  K  are  constants  employed 
so  that  the  sign  of  equality  could  be  used. 

Equation  5  gives  the  amount  of  heat  transmitted  per  second  per 
elementary  area  of  heating  surface.  If  the  amoimts  of  heat  trans- 
mitted by  every  elementary  area  are  added,  the  heat  transmitted  by 
the  entire  heating  surface  per  second  can  be  obtained.  This  can  be 
done  by  the  use  of  calculus,  as  follows: 

Take  T^  — Tg=0;  Tj  being  the  absolute  temperature  of  the  gases 
at  the  distance  x  from  the  furnace  end  of  a  flue  of  a  total  length  1 
and  diameter  D,  and  Tg  being  the  temperature  of  the  steam.  Let 
W  i^oimds  of  gases  flow  through  the  flue  per  second  and  let  the 
specific  heat  be  a  constant : 

p  =  ^,  and  v  =  CT 
where  C^  and  C  are  temporary  constants. 

((>)  Then  p  =  >p  ,  where  C"  is  a  consolidation  of  C  and  C  just  above. 

W     ;rD*v 

Also  volume  per  second  =      = — r — ,  where  D  is  the  diameter  <^1 

the  fire  tube  and  ;r  =  3.1416. 
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KW    K'WT 

(7)  Wlience  v=    f)i=^  — JV~^  where  K  and  K'  are  constants. 

Equations  6  and  7  are  derived  also  from  the  laws  that  (1)  the 
density  of  the  gases  varies  inversely  as  the  absolute  temperature  and 
(2)  the  velocity  varies  directly  as  the  weight  of  the  gas  that  passes 
through  the  flue  in  a  second  and  as  the  absolute  temperature,  and 
inversely  as  the  square  of  the  diameter  of  the  flue.  By  substituting 
the  values  of  p  and  v  from  equations  6  and  7,  equation  5  becomes — 

Cv0_     C^WQ 
H-    rp    --     J),    . 

Hence  in  a  short  length  (dx)  of  the  boiler  flue  the  heat  transmitted 
to  the  boiler  is — 

-  CpWdO  =  -jy-  X  D^rdx  =  — p 

But  /  ^  =  —  I    T)  •     Integratmg,  loge^*:^  =  —  p  +  K. 

CI 
When  x  =  0,  K  =  loge6)o.     When  x  =  \  loge©i=  -  p -f  loge©©  and 

e  =^   • 

(8)  .-.  0i=0oe"'^'* 

The  heat  absorbed  by  the  whole  flue  of  the  boiler  per  second  is — 

(9)  H  =  (VWC  (%-  (-K^~'' )  =CpWe,(  1  -e''^); 
and  the  true  efficiency  of  the  flue  is — 


/  _C1  X  ( -, 

TRITE    BOILER   EFFICIENCIES    DEPENDENT    ONLT   ON    FHT8ICAL    SIZE,    SHAPE, 

AND   ABBANOEMENT   OF   BOILEB. 

Equation  10  states  that  the  true  elliciency  of  the  boiler  flue  depends 
only  on  its  length  and  diameter  and  not  on  the  initial  temperature  of 
the  <j:ases.     What  is  true  about  one  flue  holds  good  for  all  together. 

The  efficiency  expressed  by  equation  10  is  the  true  boiler-flue  effi- 
ciency— tliat  is,  it  is  the  ratio  of  the  heat  absorbed  by  the  boiler  flue 
to  the  heat  available  for  absorption. 

It  must  be  remembered  that  in  this  discussion  only  the  heat  that  is 
imparted  to  the  boiler  flue  by  convection  and  conduction  has  been 
considered.  In  reality  the  boilers  receive  heat  also  by  radiation 
directly  fi'oin  the  fire  and  from  the  hot  walls  of  the  furnace.  Accord- 
ing  to  tlie  law  of  Stefan  and  Boltzmann  the  amount  of  energy  radiated 
by  a  l)hick-bo(iy  surface  to  another  bod}'  is  j)roportional  to  the  differ- 
ence of  the  fourth  powers  of  their  absolute  temperatures.  The  boiler 
furnace  radiating  heat  to  the  boiler  is  nearh'  a  black-body  surface,  so 
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that  the  heat  received  by  the  boiler  by  radiation  may  be  expressed 

by  the  equation — 

H  =  C  (T/-Te*) 

where  Tj  is  the  absolute  temperature  of  the  furnace,  Tg  the  absolute 

temperature  of  the  boiler  tubes,  and  C  a  constant. 

INPLTJEKCE   OF   VELOCITT   OF   OASES   OK   HEAT   ABSOHPTIOK. 

The  influence  of  the  velocity  of  gases  on  the  heat  absorption  may 
appear  at  first  somewhat  improbable.  However,  inasmuch  as  high 
capacities  of  all  types  of  boilers  are  obtained  simply  by  burning  more 
coal,  which  means  making  more  hot  gases  and  passing  them  over  the 
heating  surface  at  a  higher  velocity,  it  must  be  admitted  that  such  an 
influence  exists.  Thus,  for  example,  in  locomotive  practice  the  capac- 
ity is  increased  two  or  three  times  by  doubling  or  tripling  the  rate  of 
combustion  and  therefore  doubling  or  tripling  the  velocity  through 
the  boiler  flues.  Of  course  the  rate  of  heat  absorption  by  the  fire  box 
is  affected  principally  by  the  initial  temperature. 

In  fig.  6  (p.  15)  the  following  three  factors  in  heat  absorption  are 
shown,  with  their  product,  for  the  gas  mixtures  resulting  when  1 
pound  of  carbon  is  burned  with  various  amoimts  of  excess  air:  (1) 
Temperature  difference,  (2)  density  of  gases;  (3)  volume  of  gases, 
which  is  proportional  to  velocity  parallel  to  the  heating  surfaces. 

The  specific  heats  of  products  of  combustion  with  the  various  air 
excesses  are  nearly  constant  at  0.24,  and  therefore  any  errors  intro- 
duced by  neglecting  to  consider  such  varying  compositions  would  be 
less  than  about  1  per  cent.  In  the  case  of  some  wet  lignites  the  error 
might  be  more,  because  of  the  presence  of  considerable  percentages  of 
water  vapor  with  a  specific  heat  of  0.48  or  higher.  The  temperatures 
of  combustion  were  calculated  on  the  assumptions  that  complete  com- 
bustion is  possible,  and  that  the  specific  heats  of  oxygen,  nitrogen,  and 
carbon  dioxide  remain  constant,  which  is  not  likely.  Any  error  thus 
introduced  into  the  calculated  temperature  is  neutralized  by  an  oppo- 
site and  very  nearly  proportionate  secondary  error,  introduced  into  the 
calculated  density  as  a  consequence  of  the  primary  error.  On  account 
of  these  compensating  errors  the  uppermost  '^ products^'  curve  is  as 
reliable  as  the  whole  theory. 

The  assumption  was  made  that  1  pound  of  carbon  was  always 
burned  in  the  same  length  of  time,  with  various  air  excesses,  and  the 
resulting  temperatures  were  calculated  in  degrees  Fahrenheit.  On 
the  same  data  the  relative  densities  of  the  resulting  gaseous  mixtures 
were  calculated,  each  at  its  respective  temperature,  taking  as  unit 
density  that  of  the  gases  at  320°  F.  (the  temperature  of  the  boiler 
water  in  this  plant). 

The  lower  curve,  relative  volume  of  products  of  combustion  with 
increasing  air  supply,  indicates  that  with  large  air  ex.e<iss«s« — \>cn»X»\^^ 

8400— Bull.  325—07 8 
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with  low  furnace  temperatures — the  actual  volumes  are  compara- 
tively high,  but  within  the  reasonable  working  range  of  even  poor  and 
good  firing  the  volume  of  the  products  is  nearly  constant;  as  the  air 
excess  is  reduced  the  temperature  rises  almost  as  fast  and  the  effect 
on  the  resulting  total  volume  is  to  decrease  it  very  slightly. 

Relative  volume  was  used  because  the  velocity  of  passage  of  the 
gases  through  the  boiler  is  directly  proportional  to  it,  other  things 
being  equal,  and,  as  already  stated,  velocity  is  one  of  the  three  most 
important  factors  determining  the  amount  of  heat  imparted  to  the 
metal  of  the  boiler  tube. 

It  is  assumed  that  in  each  case  the  products  of  combustion,  gen- 
erated always  in  the  same  length  of  time,  are  passed  through  a  boiler 
fire  tube.  The  upper  C' products '0  curve  gives  by  its  ordinate  the 
amount  of  heat  absorbed  by  the  first  small  portion  of  the  tube  during 
that  length  of  time.  On  page  1 10  it  is  shown  that  this  curve  represents 
not  only  the  amount  of  heat  absorbed  by  the  first  short  length  of  a 
tube  but  by  the  whole  tube,  so  that  this  curve  can  be  applied  to  the 
whole  heat  absorption  of  a  boiler  so  far  as  absorption  by  convection 
is  concerned;  but  it  can  not  be  applied  to  heat  absorption  due  to 
radiation  from  fuel  bed  or  hot  brickwork. 

The  upper  and  final  curve  was  obtained  by  multiplying  together, 
for  each  of  several  temperatures  along  the  whole  range,  the  three 
factors  (1)  relative  density  of  gases,  (2)  temperature  of  gases  minus 
temperature  of  steam  (Tj  — TJ,  (3)  relative  volimie.  The  cun^e 
starts  at  zero  hoat  absorption,  because,  although  the  density  and  vol- 
ume are  high,  the  temperature  difference  at  320°  F.  is  zero,  conse- 
quently the  product  of  the  three  is  zero.  The  ordinate  figures  at  the 
left  have  no  specific  names,  but  merely  furnish  a  scale  on  which  to 
indicate  relative  magnitudes  of  volume,  density,  and  products  of  these 
two,  and  temperature  excess  above  that  of  boiler  water.  As  applied 
to  the  upper  curve  these  ordinates  on  the  vertical  scale  do  not  mean 
B.  t.  u.,  though  they  are  proportional  to  actual  numbers  of  B.  t.  u. 
absorbed  in  any  specific  case. 

On  inspecting  the  upper  curve  the  striking  fact  is  its  rapid  approach 
to  the  horizontal,  beginning  at  comparatively  low  furnace  tempera- 
tures. For  instance,  at  a  furnace  temperature  of  2,000°  F.  (1,100° 
C.) — ordinary  temperature  scale;  see  second  temperature  scale  at 
foot  of  chart — a  temperature  very  easy  to  attain  even  with  poor 
coals,  the  ordinate  at  the  left  is  9.0.  At  a  furnace  temperature  of 
3,000°  F.  (1,650°  C.) — second  temperature  scale  at  bottom  of  chart — 
a  temperature  rather  hard  to  attain  and  destructive  to  good  fire 
bricks,  the  ordinate  at  the  left  is  9.5,  only  5.5  per  cent  more  than  9.0. 
Thus  for  all  the  extra  trouble  and  expense  of  attaining  the  higher 
furnace  temperature  there  is  a  gain  in  the  efficiency  of  the  boiler  as  a 
heat  absorber  of  only  5.5  per  cent,  reckoning  the  efficiency  calcula- 
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tion  above  atmospheric  temperature.  This  gain  is  often  largely  neu- 
tralized by  less  complete  combustion.  The  fact  that  the  efSciency 
72*  is  not  improved  by  high  combustion-chamber  temperature  is 
well  illustrated  in  fig.  12  (p.  21),  wliich  is  compiled  from  actual  tests 
on  coals  of  the  same  class  from  Illinois  and  Indiana. 

It  must  be  understood  that  this  whole  chart  refers  only  to  that 
part  of  a  boiler  which  absorbs  heat  by  contact  with  the  hot  gases. 
In  a  locomotive  boiler  this  includes  the  tubes  and  to  some  extent  the 
fire  box.  For  a  water-tube  boiler  of  the  Heine  type,  with  the  lower 
row  of  tubes  inclosed  in  clay  tiles,  the  chart  includes  all  of  the  boiler 
except  the  lower  row  of  tubes,  which  are  exposed  in  the  rear  to  radia- 
tion and  are  analogous  to  the  fire  box  of  a  locomotive. 

The  following  table  gives  a  laborious  method  of  calculating  the 
relative  amount  of  heat  absorbed  by  the  boiler  when  1  poimd  of  car- 
bon is  burned  with  various  amounts  of  excess  air.  The  table  was 
calculated  by  first  figuring  the  relative  volume,  the  relative  density, 
and  the  temperature  elevation  of  the  gases;  then  by  multiplying  these 
three  together  the  relative  heat  absorption  was  obtained  for  the  cor- 
responding excesses  of  air.  The  curves  of  fig.  6  (p.  15)  were  plotted 
from  the  values  given  in  this  table: 

Arithmetical  calculation  of  relative  amounts  of  heat  absorbed  by  a  hypothetical  boiler. 


1. 

2. 
25 

3. 
50 

4. 

Excess  of  air per  cent . . 

0 

75 

1,  Pounds  of  0|  per  pound 

of  carbon 

2.67 

3.33 

4.00 

4.67 

2.  Pounds  of  air  per  pound 
of  carbon  (4  parts  N,  1 

part  0) 

13.33 

16.67 

20.00 

23.33 

3.  Cp  of  products  of  com- 

bustion   

0.2360 

0.2370 

0.2373 

0.2375 

4.  Temperature  rise  due  to 

combustion— 

14.tj00               op 

4.325 

3,486 

2,930 

2,526 

Cp  (pounds  of  air4- 1) "  * 
5.  Temperaturo     rise  +  50 
(which  is  atmospheric 

temperature) °F.. 

4,375 

3,536 

2,980 

2,576 

6.  Absolute  temperature  of 

combustion °F. . 

4,836 

3,997 

3,441 

3,037 

7.  Relative  volume  of  unit 

mass  of  gases  at  tem- 

perature of  lino  6  when 

volume  at   461°  F.  ab- 

8olute=»l 

10.49 

8.67 

7.47 

6.59 

8.  Relative   total   volumes 

of  products  of  combus- 

tion, each  at   its  final 

temperature    of   com- 

bustion=iine  7Xlinc  2.. 

1, 139. 8 

144.5 

149.4 

153.5 

Elevation  of  temperature  of 

combustion  above  steam 

temperature: 

9.  At  320''  F.,  75  pounds 

on  gSLgc °F.. 

10.  At390°  P.,  205 pounds 

4,055 

3,216 

2,660 

2,256 

engage °F.. 

3,985 

3,146 

2.590 

2,186 

11.  Density  of  products  of 

combust  ion. each  at  its 

final   temperature   of 

combtistion  when  den- 

sity at  320°  F.=  l 

0. 1615 

0.1956 

0.2269 

0.2568 

12.  Lino  llxline  OXline  8=- 

Ho 

916 

909 

902 

889 

100 
5.33 

26.67 
0.2376 


150 
6.67 

33.33 
0.2378 


I 

t 

2,220  j  1,788 

2,270  I     1,738 
2,731  I    2,299 


5.92 

157.88 

1,950 
1.880 

0.2856 
879 


\ 


4.98 

166.9 

1,518 
1,448 

0.3397 
855 


200 
8.00 

40.00 
0.2380 

1,496 

1,546 
2,007 

4.35 

174.0 

1,226 
1,156 

0.3891 


300 
10.67 

53.33 
0.2385 

1,127 

1,177 
1,638 

3.55 

189.3 


857 

787 


\ 


\ 


0.4768 


9. 


1,595 
45.20 

226.00 
0.2390 

270 

320 
781 

1.60 

382.0 

0 
0 

1.000 


a  Tbia  H  ia  merely  a  ntunber  proportlonaV  to  tbj&^ioaX  8X>«oT\y^. 
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The  relative  amount  of  heat  absorbed  by  a  boiler  when  various 
percentages  of  excess  of  air  are  used  for  combustion  can  be  easily 
obtained  by  the  following  formula: 

which  is  obtained  as  follows: 

Let  C==a  constant,  having  a  fixed  value  for  each  case. 

p  =  the  density  of  the  gases,  relative  to  any  standard. 

V  =  velocity  past  any  small  portion  of  heating  surface  under 

consideration,  in  any  units. 
T  =  absolute  temperature  of  gases  at  any  point  under  considerar 

tion,  on  any  thermometric  scale. 
t  =  absolute  temperature  of  boiler  water  on  the  same  scale 
asT. 
W  =  weight  of  gases  resulting  from  combustion  of  1  pound  of 
carbon,  expressed  in  any  units  of  any  system. 
W  —  1  =  weight  of  air  used  per  pound  of  carbon. 
K  =  —  Ta  (temperature  of  atmosphere)  4- 1. 
According  to  our  fundamental  assumption  (equation  5,  p.  Ill),  the 
heat  transmitted  per  second  per  unit  of  heating  surface  is — 
(5)  H  =  CpV  (T-t). 

But  p  =  T  (  'W     1  )^  where  C  is  a  new  temporary  constant.     Also 

V  =  C"  TW,  where  C"  is  a  new  temporary  constant. 

The  last  two  equations  are  derived  from  the  fundamental  proper- 
ties of  gases;  the  first  one  states  that  when  1  pound  of  carbon  is 
burned  with  air  the  density  of  the  resulting  gases  approaches  that  of 
air  as  the  amount  of  air  increases,  which  increase  reduces  the  influ- 
ence of  the  amount  of  COg  present;  and  the  second,  that  the  density 
decreases  directly  as  the  absolute  temperature  (T)  of  the  resulting 
mixture  increases.  C  is  some  constant,  whose  value  wall  not  be 
determined  because  all  these  results  are  relative  only.  This  state- 
ment applies  to  all  the  C's  used.  Substituting  the  values  of  p  and  V 
in  equation  5,  we  have — 

li  =  c(^;:  Jx'^-xC-  TW  (T-t)^^':-^(T-t) 

on  arbitrarily  assuming  that  all  constants,  C,  C,  and  C",  are  con- 
solidated into  a  new  C,  as  the  result  sought  is  to  be  relative  only. 

14,600      60,900 


hence 


T  —  Tn  — 


60,900 


in  which   14,600  =  B.  t.  u.  value  of   1   pound  of  carbon   and   0,24---^ 
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specific  heat  (approximately)  of  1  pound  of  the  gases  of  combus- 
tion at  constant  pressure.     Substituting  again,  we  have — 

«=«*?!  (^-5^%T.-t)w=cw(?!yX^) 

which  is  the  equation  given  first  above. 

It  was  suspected  that  these  calculations  of  heat  imparted  to  the 
boiler  surface  might  be  slightly  vitiated  by  the  fact  that  COj,  Og, 
and  Ng  have  different  specific  heats.  A  trial  calculation  with  two 
very  different  air  suppUes  showed  that  this  error  could  not  be  more 
than  1  per  cent  in  favor  of  greater  heat  absorption  with  a  low  air 
supply. 

The  curves  of  fig.  20  (p.  29)  were  plotted  from  data  obtained  by 
formulas  developed  in  the  preceding  paragraphs.  This  chart  shows 
the  same  facts  as  fig.  6  (p.  15),  but  they  are  differently  represented. 
The  two  charts  were  calculated  at  different  times  by  different  men, 
who  used  slightly  different  constants  in  some  ways.  One  of  them 
took  account  of  the  slight  variation  of  composite  specific  heats  of 
the  gases  with  different  air  excesses  and  the  other  did  not.  Never- 
theless, the  two  charts  show  graphically  the  same  conclusion — that 
at  low  air  excesses  and  high  initial  temperatures  the  heat  absorption 
by  the  boiler  increases  only  a  few  per  cent  as  compared  with  moder- 
ate furnace  temperatures.  If  we  use  the  same  temperature  range  as 
in  the  discussion  of  the  curves  of  fig.  6  (p.  15)— 2,000°  F.  (1,100°  C.) 
to  3,000°  F.  (1,650°  C.) — the  amoimt  of  heat  absorbed  increases 
7  per  cent,  as  figured  from  the  ordinate  at  the  left.  The  increase 
calculated  from  the  chart  was  5.5  per  cent. 

The  arrows  attached  to  each  curve  indicate  the  coordinates  to  be 
used  with  it.  The  ordinate  on  the  left,  '*Heat  transmitted  per  sec- 
ond per  unit  of  heating  surface  times  a  constant,''  is  relative  only, 
as  indicated  by  the  phrase  **  times  a  constant.''  This  constant 
varies  with  the  boilers.  Every  boiler  has  an  individual  constant, 
and  according  to  this  theory  it  is  unchangeable  except  by  changes 
in  baffling,  when  it  becomes  another  boiler  with  a  new  individual 
constant. 

The  curve  labeled  *' Combustion  temperature  as  aflfected  by  air 
supply"  was  calculated  as  explained  for  the  chart  shown  in  fig.  6 
using  constant  specific  heats. 

The  curve  labeled  ^'Ileat  absorption  as  aflfected  by  combustion 
temperature"  is  precisely  the  same  curve  as  the  upper  curve  of 
fig.  6,  with  the  exception  of  the  calculation  as  explained  above. 

The  curve  labeled  ''Heat  absorption  as  aflfected  by  air  supply" 
shows  the  same  fact  as  the  upper  curve  with  reference  to  air  supply 
per  pound  of  carbon  instead  of  the  resulting  temperature  of 
combustion. 
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With  14  pounds  of  air  per  pound  of  carbon  the  ordinate  at  the 
left  is  6.2.  With  28  pounds  of  air  the  ordinate  is  5.55 — a  decrease 
of  about  10.4  per  cent.  The  latter  amount  of  air  is  high  in  practice. 
To  reduce  the  heat  absorption  to  50  per  cent  of  what  it  would  be  if 
the  carbon  were  completely  burned  with  the  theoretical  amount  of 
air  (11.50  pounds)  would  require  108  pounds  of  air  per  pound  of 
carbon — an  enormous  excess. 

In  all  such  calculations  of  heat  absorption  it  is  plain  that  the 
more  nearly  the  temi)erature  of  the  absorbing  medium  approaches 
that  of  the  atmosphere — that  is,  the  lower  the  steam  pressure — the 
less  the  harm  done  by  excessive  amounts  of  air  and  the  larger  the 
percentage  of  total  heat  absorbed.  This  is  an  argument  in  favor  of 
low  steam  pressures  with  high  superheats,  as  suggested  tentatively 
on  pages  102-105. 

PRACTICAL  APPLICATION   OF  THEORT   OF  HEAT  ABSORPTION  TO  A  nSB-TUBE 

BOILER. 

As  a  practical  illustration  of  the  meaning  of  these  theoretical  prin- 
ciples, several  calculations  were  made  in  the  case  of  a  fire-tube  boiler 
assumed  to  consist  of  a  single  tube  0.1  foot  in  internal  diameter  and 
10  feet  long. 

From  the  work  of  page  112  is  taken  the  equation,  which  expresses 
the  quantity  of  heat  passing  through  any  given  portion  of  the  tube. 

(_  CXi  _  CXj  ^. 

''    _       ~r>  JXO.24 

in  which  H  =  hoat  absorbed  in  B.  t.  u. 

(^^.  =  elevation   of  initial    temperatures  above  boiler-water 

temperature, 
^xi  =  elevation  of  temperature  of  gases  above  that  of  boiler 
water  at  a  point  Xj  feet  from  the  entrance  end  of 
the  tube. 
^)x2  =  elevation  of  tem})erature  of  gases  above  that  of  boiler 
water  at  a  point  Xg  feet  from  the  entrance  end  of 
the  tube  (Xg  is  fartlier  along  the  tube  than  x,). 
W  =  pounds  of  gases  per  pound  of  carbon. 
e  =  base  of  liyporbolic  system  of  logarithms  =  2.7 18. 
D  =  internal  diameter  of  tube  in  feet. 
c  =  a  constant  for  any  particular  tube. 
0.24  =  the  approximate  specific  heat  of  gases  of  combustion 
at  constant  pressure.     This  factor  might  well  have 
been  omitted  and  its  effect  on  the  equation  accom- 
phshed  by  giving  the  constant  ''c,''  in  the  exponents 
of  e,  another  value. 

The  following  calculations  assume  that  the  metal  of  the  tube  is 
always  kept  at  tlie  walei  leiv\^e\«AA\Ye,  which  is  not  true,  inasmuch 
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as  there  must  be  a  difference  of  temperature  in  order  to  make  the 

heat  flow  from  the  metal  into  the  water.     It  must  be  understood  at 

the  outset  that  tliese  calculations  are  not  given  for  the  purpose  of 

proving  anything,  but  merely  to  illustrate  the  concrete  consequences 

of  the  theory.     Other  methods  will  be  used  and  applied  to  actual 

boiler  tests  to  show  how  closely  the  formula  fits  actual  performances. 

An  ordinary  locomotive  boiler  evaporates  about  11.65  pounds  of 

water  (equivalent  evaporation  from  and  at  212°  F.)  per  square  foot 

of  heating  surface  per  hour.     Our  hypothetical  boiler  consists  of  one 

fire  tube  10.0  feet  long  and  of  0.1  foot  internal  diameter.     Its  heating 

11.65  X966 
surface  is  3.1416  square  feet  and  every  second  ~~bf)^7af) —  =  3.15  B.  t.  u. 

are  transmitted  through  each  square  foot. 

Take  the  pounds  of  air  per  pound  of  carbon  as  23.33,  or  75  per  cent 
excess  above  the  theoretical,  giving  24.33  pounds  of  gases  of  com- 
bustion per  pound  of  carbon.  The  theoretical  temperature  of  com- 
bustion is  2,576°  F.,  assuming  atmospheric  temperatiure  to  be  50°  F. 
In  our  case  this  is  2,576° -320°  =  2,256°  F.  above  boiler  water  tem- 
perature.    This  2,256°  F.  is  our  Qq. 

These  calculations  are  to  be  for  one  second  of  time.  It  is  more 
consistent  with  practice  to  assume  that  1  pound  of  carbon  is  not 
burned  in  one  second  for  3.1416  square  feet  of  heating  surface,  but 
in  about  3,230  seccmds. 

Introducing  this  3,230  as  a  correction  factor  in  the  above  equation, 

and  substituting  all  the  above-calculated  quantities,  we  get  the  follow 

ing  equation  to  be  solved  for  ''c,''  the  physical  or  ''size  and  shape'' 

constant  of  this  particular  boiler: 

24  3'^  cxo.o  ex  10.0 

3.1416  =  0.24X3  :;3qX2,256X2.718     o.r_2.718    "oT^ 

whence,  on  solving  by  logarithms,  c  =  0.01 47. 

Now  let  us  take  this  hypothetical  boiler  of  one  fire  tube  and  feed 
it  with  the  gases  resulting  fxoin  the  combustion  of  1  pound  of  carbon 
comi)letely  burned  (which  is  both  theoretically  and  practically 
impossible  with  air  supplies  only  a  little  above  the  theoretical),  with 
increasing  percentages  of  air  excess.  The  factors  are  all  grouped 
under  case  1  of  the  table  below;  under  case  2  are  given  parallel  data 
for  burning  2  pounds  of  carbon  in  the  same  time  (3,230  seconds),  and 
under  case  3  for  burning  10  pounds.  The  factors  are  repeated  in  the 
second  and  third  cases  to  impress  the  fact  that  within  reasonable 
limits  the  efficiency  of  a  boiler  proper  as  a  heat  absorber  is  independ- 
ent of  the  capacity. 
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Calculations  of  the  heat  absorbed  by  a  hypothetical  boiler. 


1 
2 

3 
4 

5 
6 
7 
8 
9 


Excess 

of  air 

(per 

cent). 


0 

25 

50 

75 

100 

150 

200 

300 

l,5fl« 


Case  1  (1  pound  of  carbon 
burned). 


W. 


14.33 

3.230' 
17.67 


=0.00443.. 


=  .00:)47.. 


,00050. 


=  .007:>3. 


3,230 
2L00 

3.230' 
24.  a3 

3,230 

27\67 

3,230*"  •^^''»- 

34.33 

3,230 
4J^00 

3,230 
54.  a3 

.3,230 
^27 

i3,230 


.010  3. 

.01200. 

-  .0.082. 

.07027. 


e.. 


4,055 
3,216 
2,t)60 
2,256 
l.a'iO 
1.518 
1.226 
8.'»7 
0 


H. 


3.3218 
3.2.530 
3.1972 
3. 1416 
3.0866 
2.9839 
2.8769 
2. 6655 
0.0000 


Case  2  (2  pounds  of  car  ;  on 
burned). 


W. 


(14.33)2 


Case  3  (10  pounds  cf  oarbcm 
burned). 


3,230  " 

(17.67)2 

'3,230  " 
(21.00)2 

3.230  " 
(24^33)2 

3,230  ' 

(27.67)2 


3.230 
(34.33)2 

3,230 
(41.00)2 

3,2:^0  " 
(54.33)2 

3.2,30' ' 
(2J7)2 

3,230^ 


Sq. 

n. 

0.00886 

4.a-:5 

C.  (:436 

.01094 

3,21 

6.5060 

.01300 

2,6(0 

V.3944 

.o::a» 

2.2:6 

6.2832 

.01712 

1,9.t0 

0. 1732 

.02:20 

1.518 

5. 9878 

.02-)3S 

1,226 

5. 7538 

.a37,]4 

857 

5.3310 

.  140.:4 

O 

O.OOOO 

\.\ 


(14.33)10 

3,230  ' 
(17.07)10 

3;^  ' 
(21.00)10 


3,230 
(24.33)10 


3.230 
(27.67)10 


3,230 
(34.33)10 


3,230 
(41.00)10 


3,230 
(54.33)10 

3.230 
(227)10 

3,230 


.0.04>3 
'   .0547 

•  .0650 
=  .0753 
'  .0656 
>  .1063 

•  .1269 
'  .1682 

.7027 


^. 


n. 


4,055 
3,216 
2,660 
2,256 
1,960 
1,518 
L226 
857 
0 


33.218 
32.530 
31.972 
31.416 
30.8:6 
29.839 
23.79 
2r.655 
00.000 


If  it  be  true  that  by  raising  the  initial  temperature  of  the  gases 
entermg  a  boiler  by  1,000°  F.  the  amount  of  heat  put  into  the  boiler 
for  every  pound  of  fuel  is  increased  by  only  a  few  per  cent,  and  if  it 
also  be  true  that  the  small  amount  of  oxygen  present  in  case  of  high 
temperatures  tends  to  reduce  the  speed  and  consequently  the  com- 
pleteness of  combustion,  how,  then,  does  it  happen  that  (as  is  \m- 
doubtedly  a  matter  of  common  observation)  a  large  air  excess  cer- 
tainly lowers  the  over-all  eflTjcnency  decidedly?  The  explanation 
probably  is  that  when  the  air  excess  is  large  it  is  ])robably  very  large 
through  the  holes  in  the  fire,  and  insuflicient  through  the  little  hills 
and  cakes  of  coal  on  the  grate,  especially  if  the  latter  are  underlaid 
with  clinker;  the  result  is  that  along  ^vii]\  a  general  large  air  excess 
there  may  be  much  incomplete  coml)ustion.  It  comes  back  to  the 
old  story  that  the  fuel  bed  and  combusticm  space  are  to  blame.  The 
remedy  lies  in  a  more  even  fuel  bed  and  gas-mixing  structures  in  the 
combustion  chamlxT,  rather  than  a  low  air  excess  or  a  thick  fuel  bed. 
With  gas-mixing  structures  a  stronger  draft  must  be  used  if  the 
capacity  is  to  bo  kept  up. 

Ill  confirmation  of  the  above  supposition,  that  the  air  excess  may 
be  insuflicient  through  cakes  of  coal,  rexference  may  be  had  to  page 
50,  where  analyses  are  given  of  gases  collected  at  the  surface  of  the 
fuel  bed  through  a  water-jacketed  sam])ling  tube.  Many  samples 
contain  large  percentages  of  CO,  hydrocarbons,  and  hydrogen,  and 


no  O.^. 


WATER  CIRCULATION  AS  AFFECTING  HEAT  ABSORFHON. 


It  is  assumed  that  in  every  case  the  water  circulates  rapidly,  with 
the  utmost  freedom,  and  with  the  utmost  responsiveness  to  variations 
in  the  amount  of  heat  absorbed,  so  as  to  keep  the  metal  of  the  tube 
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always  at  water  temperature.  In  practice  this  would  not  be  true, 
if  for  no  other  reason  than  because  twice  the  rate  of  heat  absorption 
would  perhaps  require  twice  the  speed  of  circulation;  but,  whereas 
the  forces  impelling  circulation  may,  perhaps,  increase  directly  with 
the  increase  in  steam  production,  the  retarding  forces  of  friction 
increase  as  the  square  of  the  speed  of  circulation.  The  latter  sug- 
gestions, however,  are  as  yet  only  suppositions.     • 

In  each  of  the  several  calculations  in  the  preceding  table  the 

_CXi  _  CXj 

quantity  e  ^  reduces  to  1.0  because  Xj  =  0 ;  also  the  quantity  e  ^  has 
the  constant  value  of  0.2295  because  c  and  D  are  always  the  same 
and  Xj  is  taken  in  the  table  always  as  10.0  feet.  Therefore,  the 
quantity  in  the  parenthesis  reduces  to  (1—0.2295)  =  (0.7705).  This 
constant  is  fixed  once  for  all  by  the  builder  of  the  boiler  when  he 
chooses  the  length  and  diameter  of  the  tubes.  Consequently  the 
heat  absorbed  by  the  tubes  is  directly  proportional  to  the  product  of 
W  and  &QJ  which  represent  respectively  the  weight  of  gases  flowing 
per  second  and  their  initial  elevation  in  temperature  above  that  of 
the  boiler  water.  All  the  calculations  made  in  the  case  of  this 
hypothetical  boiler  are  for  the  purpose  of  giving  specific  instances 
showing  that  the  product  of  W  and  0  is  very  nearly  constant  for 
all  reasonable  conditions  of  good  firing. 

It  has  been  stated  before  that  the  heat  absorbed  by  a  boiler  is 
proportional  to  the  initial  temperature  elevation  above  that  of  boiler 
water,  times  initial  density  relative  to  any  (fixed)  standard,  times 
velocity  of  translation  over  the  heating  surface.  A  moment's 
reflection  will  make  it  clear  that  the  product  of  the  last  two  factors 
is  at  all  times  proportional  to  the  mass  (or  weight)  of  gases  passing 
per  unit  of  time. 

CALCULATION  OF  HEAT  ABSOBPTIOK  ALOKO  A  FIBE  TUBE. 

As  an  illustration  of  the  method  of  using  formula  9,  a  numerical 
example  applied  to  the  hypothetical  boiler  having  a  single  tube  of 
0.1  feet  internal  diameter  and  10  feet  long  is  given  below. 

Assume  that  1  pound  of  carbon  is  burned  in  3,230  seconds  with 
25  per  cent  of  excess  of  air.  This  is  the  same  condition  as  given  by 
the  second  line  in  the  preceding  table,  case  1 : 

W  =  0.00547  pound. 
©0  =  3,216°  F. 

Substituting  these  values,  and  also  the  value  of  (1  —  e  ^)toT  this 
particular  boiler  as    calculated  above,  in  equation   9,  H  =  W   fJ^ 

cl 

(1— e  "'^)X0.24,  the  heat  absorbed  becomes — 

H  =  0.00547  X  3,216  X  0.7705  X  0.24  =  3,25'^  ft ,  \,.  \v. 
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Instead  of  using  formula  9,  which  has  been  derived  by  calculus, 
the  amount  of  heat  absorbed  by  the  single-tube  boiler  can  be  approxi- 
mately obtained  b}^  applying  in  steps  the  fundamental  principle 
expressed  by  equation  5,  H  =  Cvp  (T  —  t).  Let  the  length  of  the  tube 
be  divided  into  twenty  parts,  and  the  heat  absorbed  by  each  part 
calculated  by  the  above  equation.  Before  these  calculations  can 
be  made  the  constant  C  must  be  determined.  This  can  be  done  bv 
substituting  in  equation  9  the  value  of  0.5  for  1,  the  already  calcu- 
lated value  0.0147  for  c;  and  also  the  values  of  W  and  0  of  case  2  in 
the  table  (p.  120)  and  solving  for  H.  This  will  be  the  heat  absorbed 
by  the  first  half  foot  of  the  tube.  Substituting  this  value  for  H  in 
equation  5  and  also  the  calculated  values  for  velocity,  density,  and 
the  excess  of  temperature  of  the  gases  from  tables  on  pages  115  and 
120,  and  solving,  we  determine  the  value  of  C: 

0.0147X0-5 

(9)  H  =  0.00547 X 3,216  (l-e"    ~^i      )X0.24  =  0.291 
(5)  0.291=3,216X19.45X0.1955X0, 

and  hence 

C  -  0.0000238. 

This  procedure  of  determining  the  value  of  C  had  to  be  employed 
in  order  to  put  the  two  methods  of  calculating  the  heat  absorbed 
on  the  same  basis,  making  them  comparable. 

As  0.291  B.  t.  u.  was  absorbed  from  the  gases  by  the  first  half  foot. 

0  291 
the  temperature  was  reduced  ^  ^^  ^  ^  ^^^^- =  222°  F.;    the  elevation 

of  temperature  above  that  of  boiler  water  at  the  entrance  to  the  next 
or  second  half  foot  of  the  tube  =  (3,216° -222°)  =2,994°  F. 

The  absolute  temperature  corresponding  to  3,216°  above  steam 
temperature  =  3,216 +  320 +  461  =3,997°  F.  Likewise  the  absolute 
temperature  corresponding  to  2,994°  F.  above  steam  temperature 
=  2,994°  +  320°  +  461°  =  3,775°  F.     Therefore  the  new  velocity  of  the 

3  775 

gas  at  entrance  on  the  second  half  foot  of  the  tube  is^^ggy  X  19.45  = 

18.38  feet  per  second,  inasmuch  as  the  velocities  are  directly  pro- 
portional  to    the   volumes.     Likewise   the   new  relative   density  is 

3  997 

^'^'     X 0.1956  =  0.2070.     It  will    be  noticed    that  the  simultaneous 

changes  in  velocity  and  density  neutralize  each  other,  but  both  are 
carried  through  the  calculations  for  the  sake  of  the  principle. 

To  go  back  to  the  fundamental  principle,  the  amount  of  heat 
absorbed  by  the  second  half  foot  is  equal  to  2,994  X  18.38  X  0.2070  X 
0.0000238  =  0.272  B.  t.  u.;  and  so  on  for  each  of  the  remaining 
eighteen  half  feet  of  the  tube.  On  adding  together  all  the  partial 
H's  the  sum  is  3.214  B.  t.  u.,  which  is  close  to  the  value  3.253  obtained 
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by  caicuius.  Tlie  step-by-step  and  calculus  curves  are  both  shown 
on  the  chart  (fig.  58).  The  areas  under  these  curves  do  not  represent 
anything;  the  vertical  ordinates  to  the  curves  merely  denote  for  each 
aniall  length  the  number  of  B.  t.  u.  absorbed  in  that  length. 

On  the  same  chart  (fig.  58)  is  also  given  a  curve  obtained  by  cal- 
culus showing  the  amounts  of  heat  absorbed  per  second  when  the 
same  quantity  of  carbon  is  burned  with  100  per  cent  of  air  excess. 

For  the  sake  of  clearness  it  is  stated  again  that  the  step-by-step 
process  was  merely  an  approximate  arithmetical  method  of  inte- 
grating the  formula — 
H  =  B.  t.  u.  absorbed  for  length  under  consideration  = 

W0,XO.24|e-T'_e-^| 


-^:T:^^:::::::::::::::TE:::E;;::E 

5    --■^.-  ■     -^^ 

^"----SEiS 

8   f  ^;t::::::::3::::::::::::::::::: 

-  2  '  -                -r 

i"[\]. - i-WM^LM^Wl    \  il  IM'  1 

2  -T--  + -^--  i  ++     ;  -  ' 

'  aI             ■           -"-SIXT"   ' 

S      ,    f  ^    i    T 

:-::-:±::^_,it::::::5^i,^:::::::::::: 

<M  # tTtn'nT  n iWm4M' 

-_ l__j__L_j__|_^  — ^-^ 

l'''""J"j,JJJJ..'lJJ.liJJ"J"-l '"•'''■ 

Fis.  SS,— Re)atlve  B.  t.  u.  absorbed  at  difFerent  jiolats  inabiriler  tabe  lOteet  long  ftod  0.1  toot  Interaal 
dlameWr;  Curve  No.  I,  ealpulated  by  jalculus,  using  25  per  cent  ol  air  eiceaa;  No.  2,  calculated  by 
steps,  using  25  per  cent  of  air  excess:  No.  3,  calculated  hy  calculus,  u^ng  100  per  cent  of  uir  exc«sa 

The  arithmetical  method  gives  results  about  1  per  cent  smaller  in 
this  individual  case  than  the  integration  by  calculus. 

Inasmuch  as  an  illustration  has  been  given  showing  how  closely 
(within  about  1  per  cent)  the  arithmetically  calculated  absorption  of 
heat  agrees  with  the  more  correct  value  calculated  by  calculus  when 
the  carbon  is  burned  with  25  per  cent  excess  of  air,  the  arithmetical 
calculation  was  not  repeated  for  100  per  cent  excess  of  air.  The 
curves  of  heat  absorption  and  of  drop  of  temperature  along  the  length 
of  the  boiler  tube,  0.1  foot  internal  diameter  and  lO.O  feet  lon^,  «.!% 
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given  in  figs.  58  and  59.  It  will  be  noticed  that  the  total  heat  ab- 
sorbed is  3.0866  B.  t.  u.,  wliich  is  only  5.2  per  cent  less  than  with  the 
smaller  air  supply.  This  result  is  an  illustration  of  the  statement 
that  a  boiler  will  absorb  about  the  same  percentage  of  the  heat  of  a 
pound  of  fuel  completely  burned,  whatever  the  air  supply  per  pound 
of  fuel,  if  the  variation  is  within  reasonable  limits. 

The  curves  of  temperatures  along  the  tube,  when  using  25  and 
100  per  cent  excess  of  air,  shown  on  fig.  59  (p.  125),  were  obtained 
as  follows:  Those  on  the  step-by-step  curve  were  taken  directly  from 
the  column  headed  ''  ©o'^  i^  ^^^^^  following  table: 

Heat  absorption  along  a  hypothetical  boiler  tube,  by  sections,  at  25  per  ctnt  of  air  exce$s. 


Half  foot: 

First 

Swrond 

Third 

Fourtli 

Fifth 

Sixth 

Seventh 

Kighth 

Ninth 

Tenth 

Eleventh 

Twelfth 

Thirteenth 

Fourteenth 

Fiftoenth 

Sixteen  th 

Seven  toen  til 

Kiphteenth  

Nineteenth 

Twentieth 

For  whole  10.0  feet 

Final  tenipeTature  above  steam 


Velocity  of 

Density  of 

Initial  minus 

gas  at  en- 

gas at  en- 

Partial he«t 

boiler-water 

trance  to 

trance  to 

absorbed 

temperature 

each  section 

each  section. 

(B.  t.  u.). 

H-exvx 

CF.). 

(feet  per 
second). o 

Gas  at 

©0 

320«»-l. 

PXO 

V 

P 

0.1956 

3.216 

19.45 

0.291 

2,994 

18.38 

.2070 

.272 

:               2, 787 

17.38 

.2189 

.252 

2,595 

16.45 

.2312 

.236 

2,416 

15.59 

.2440 

.218 

2,250 

14.80 

.2571 

.203 

2,095 

14.06 

.2709 

.190 

1,951 

13.36 

.2850 

.177 

1,861 

12.70 

.3000 

.165 

1,691 

12.12 

.3149 

.154 

1,574 

11.55 

.3301 

.143 

1,465 

11.02 

.3460 

.133 

1,364 

10.54 

.3620 

.124 

1,270 

10.09 

.3780 

.ll.=i 

1,18:^ 

9.65 

.3950 

.107 

1,102 

9.26 

.4110 

.100 

1.020 

8.89 

.4290 

.093 

:                  0.-).-) 

8.  .54 

.4460 

.086 

:             S90 

8. 26 

.4590 

.081) 

:                    829 

7.97 

.4760 

.075 
3.214 

772 

17.G7 
"  Weifiht  of  pises  per  se<*()n«l  in  i)oun(ls=  ^.yyj=0.(H).'>47. 

'>  ( 'onst a n t =0.(KHK)LW. 


The  five  points  on  tlie  curves  obtained  by  calculus  were  located  by 
using  fonnula  8  tor  five  lengths  of  tube,  0  to  2  feet,  0  to  4  feet,  0  to  6 
feet,  0  to  S  foet,  and  0  to  10  leet. 


HIGHEB  INITIAL  TEMFEBATUBE  MEANS  HIGHEB  FI^AL  TEMPEBATURE  WHEN 

HEAT  AB80BPTI0N  IS  BY  CONVECTION  ONLY. 

RegarcHng  the  two  curves  of  temperature  clianges  along  the  length 
of  the  h\7)othetical  boiler  tube  when  using  25  per  cent  and  100  percent 
excess  of  air,  it  appears  that  however  long  the  tube  might  be,  the  upper 
temperature  line  would  never  meet  the  lower  one,  and  would  never 
cross  it.  This  statement  is  also  borne  out  by  a  consideration  of  the 
mathematical  equation  on  whicli  the  curves  are  based.  It  is  in  direct 
contradiction  to  a  statement  often  made  that  the  higher  the  initial 
te/iiperature  the  lower  the  fiiva\,  pToVvd^d  \\v^  ^wvouwt  of  heat  liberated 
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per  unit  of  time  is  the  same  in  everj'  ca^.  For  many  months  most 
of  the  authors  of  this  bulletin  thoroughly  believed  this  idea,  and  it 
was  only  when  they  took  many  cases  and  tried  to  plot  the  relations 
between  combustion-chamber  and  stack  temperature  that  they  saw 
the  two  rise  and  fall  together.  Later  on  the  work  of  Perry  on  the 
boiler  as  a  heat  absorber  was  developed  and  it  was  realized  that  the 
facts,  at  the  testing  plant  at  least,  agreed  somewhat  with  the  theorj- 
and  pointed  in  the  right  direction.  In  this  connection  it  must  be 
remembered  that  a  lower  flue  temperature  does  not  alwavs  indicate  a 
lower  B  t  u  loss  but  generallj  a  larger  one  because  the  n  ass  of 
gases  IS  n  ore  than  enough  lai^er  to  make  up  tl  e  d  fference  but  m 
any  one  bo  ler  the  net  difference  is  usually  withm  5  to  15  per  cent 
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- 
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HODIFTIKO  FACTOKS  OF  THE  THBOBT  OF  HSAT  TKAITSHISSIOH. 

In  the  section  on  the  theory  of  heat  transmission  (he  assumption 
was  made  that  the  gas  comes  directly  into  contact  with  the  metal 
surface  of  the  boiler  flue,  and  also  that  the  water  in  the  boiler  absorbs 
the  heat  as  fast  as  the  metal  can  transmit  it.  In  a  commercially 
operated  boiler  neither  of  these  assumptions  is  true.  The  metal  of 
the  boiler  flue  is  insulated  from  the  gas  with  a  layer  of  soot,  and  from 
the  water  with  a  layer  of  scale  and,  perhaps,  a  layer  of  sleam.  As 
these  layers  of  soot,  scale,  and  steam  are  very  poor  conductors,  a  resist- 
ance many  tintes  greater  than  that  of  t  he  metal  of  the  boiler  tube  itself 
is  offered  to  the  passage  of  heat.  It  is  evident  that  under  sucK  <^v\vA\^ 
tions  the  difference  of  temperature  between  tVve  ?vTa\.\a^'ei  "A  ^^  «sA 
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that  of  the  first  layer  of  water  must  be  greater  than  it  would  have 
to  be  if  the  insulating  layer  of  soot,  scale,  and  steam  were  not  present, 
in  order  that  the  heat  should  flow  from  the  gas  to  the  water  at  a  cer- 
tain desired  rate.  This  temperature  difference  must  be  larger  the 
greater  the  required  rates  of  heat  transmission  and  the  thicker  the 
insulating  scales.  Inasmuch  as  capacity  is  the  rate  of  heat  absorp- 
tion, tliis  explains  why  at  higher  capacities  the  gases  leave  the  heat- 
ing surface  of  a  boiler  at  higher  temperatures  than  they  do  at  lower 
capacities.  It  is  clear,  then,  that  in  order  to  have  the  heating  surface 
efficient  it  must  be  kept  free  from  soot  and  scale,  and  the  bubbles  of 
steam  must  be  removed  from  the  surface  as  fast  as  they  form,  so  that 
the  water  can  come  directly  into  contact  with  the  metal.  This  last 
requirement  emphasizes  the  importance  of  water  circulation  in  the 
boiler.  The  faster  the  circulation  of  water  the  faster  are  the  bubbles 
of  steam  carried  away  and  the  better  is  the  contact  between  the 
metal  and  the  water. 

It  is  reasonable  to  expect  that  in  the  Heine  boiler  when  the  capac- 
ity is  increased  the  rate  of  circulation  of  water  should  be  increased 
in  about  the  same  proportion,  in  order  that  the  metal  surface  maybe 
kept  free  from  steam  bubbles.  To  what  extent  this  is  true  is  shown 
in  the  chart  (fig.  7,  p.  16)  that  gives  the  relation  between  the  circu- 
lation of  water  in  a  water  tube  boiler  and  the  capacity. 

The  effect  of  the  above-named  modifying  factors — that  is,  the 
resistance  offered  to  heat  passage  by  soot,  metal,  scale,  and  steam — 
is  to  increase  the  temperature  difference  between  the  outside  surface 
of  the  adhering  gas  film  and  the  fihn  of  water  coming  into  contact 
with  the  steam  layer  when  the  rate  of  heat  transmission — that  is,  the 
capacity — increases.  By  taking  into  consideration  these  factors,  and 
also  the  fact  that  the  adhering  film  of  gas  does  not  consist  of  a  layer 
1  molecule  thick,  but  has  a  sufficient  thickness  to  offer  an  appreciable 
resistance  to  the  passage  of  heat  through  it,  a  formula  similar  to  that 
whose  derivation  is  shown  on  pages  110  to  112  can  be  obtained  that 
will  agree  very  closely  with  the  actual  performances.  Fig.  60  gives  the 
temperature  gradient  of  the  moving  gases  and  also  the  temperature 
gradients  along  the  surfaces  of  contact  of  the  different  resistance- 
producing  layers.  Let  dl  be  any  elementary  length  of  the  heating 
surface;  T  — tj  the  temperature  difference  between  the  moving  gases 
and  the  outside  surface  of  the  adhering  film  of  the  gas,  and  tj  — t  the 
temperature  difference  between  the  latter  and  the  water  film  coming 
into  contact  with  the  layer  of  steam.  The  temperature  differences 
between  the  individual  layers  are  expressed  by  a  — b,  b— c,  etc.,  as 
shown  in  the  figure.  The  heat  transmission  from  the  moving  gases 
at  the  temperature  T  to  the  adhering  immovable  film  at  the  temper- 
ature t^  occurs  by  convection,  according  to  the  relation  expressed  by 
equation   1,  II  =  Cpv   (T  — tj,and   the  heat   transmission  from  the 
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gas  film  through  the  layers  of  gas,  soot,  metal,  scale,  and  steam  into 
the  water  at  temperature  t  occurs  purely  by  conduction,  and  follows 
the  law  expressed  by  equation  12: 


where  k  is  the  averse  conductivity  for  heat  of  the  materials  compris- 

k 
ing  the  layers  and  b  their  total  thickness.     Aa  .-  is  a  constant,  H 

varies  only  with  the  value  of  (t,  - 1) . 

If  the  rate  of  heat  impartation  by  convection  is  higher  than  the  rate 
of  transmission  bj''  conduction,  the  heat  will  accumulate  in  the  resist- 


ing layers  on  the  gas  side  and  t,  will  rise.  The  rise  of  t,  will  decrease 
the  rate  of  heat  impartation  by  convection  and  increase  the  rate  of 
heat  transmission  by  conduction.  The  opposite  will  occur  if  the  rate 
by  convection  is  lower  than  the  rate  by  conduction.  There  is  a  con- 
stant equalization  of  the  two  rates,  so  that  equations  1  and  12  can  be 
written  as  follows: 

(i:j)Cpv(T-t,)=^(t,-t). 

The  heat  transmitted  per  second  by  any  portion  of  the  heating 
surface  is  then  expressed  by  equation  1,  li -Cpv(T-t,),  in  which 
T  and  t,  are  variables,  T  depending  on  the  conditions  of  comhvi4t\ci\\. 
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and  the  rate  of  heat  impartation,  whereas  ti  depends  on  the  rate  of 
heat  impartation  only.     From  equation  12 — 

t,  =  H  I^  4- 1. 

k 

Substituting  this  value  for  t,  inequation  1,  and  simplifying,  we  get 
equation  14: 

(14)  H  =  C-P-:[iT-t) 

l  +  ^Cpv 

Let  W  be  the  weight  of  gases  passing  the  heating  surface  per 
second,  then  as  p  =  ^  and  v  =  C"  W  T,  C  p  v  =  Cj  W,  where  Cj  is  a  new 
constant. 

Let  Ci  ,   =  K,  and  (T—  t)=  6^;   on  substituting  these  values  in 

equation  14  it  becomes — 

(1-5^  H-  ^'^^ 
(15)  ii  -  1  ^  K^^     . 

and  the  heat  absorbed  by  any  elementary  length  of  heating  surface 

per  second  is  —  Wd<9  =    - ' -^„  dl,  or — 

.....    _d0_   C,  dl 

^    ^      e  ~r+KW 

On  integrating  equation  16,  there  results — 

When  1  =  0,  log,.(^)„  =  l\..     Hence 

i„„  f.>     i„„  &>  _         ^'i '     ,  or 


whence — 

f,    1 

1  +  KW 
C,l 
1+KW 

(17)   f)-  W„o" 

V   1    1 

1  +  K\V 

The  heat  absorbed  by  the  lcn<]:th  of  heating  surface  equal  to  1  is — 

c,i 

(18)  ir-o.24WNo  1  --<*   ^-^^'^^^ 

and  the  true  eniciency  of  the  heating  surface  is — 


CI 


(1.9)   p:--l-e     i+Kw. 

Ecjuation  19  states  that  the  true  efficiency  of  the  heating  surface  is 
independent  of  the  initial  temperature  of  the  gases  so  far  as  heat 
absorption  by  convection  is  concerned  and  that  it  decreases  when  the 
weiglit  of  gases  passing  over  the  heating  surface  increases — that  is, 
when  the  capacity  increases.     The  constant  K  depends  on  the  condi- 
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tion  as  regards  cleanliness  of  both  sides  of  the  heating  surface.  If 
there  were  no  resistance  to  the  passage  of  heat,  K  would  be  equal  to 
O,  the  denominator  would  reduce  to  1,  and  equation  19  would  be  the 
same  as  equation  10,  D  being  constant  in  any  one  boiler,  fixed  once 
for  all  bv  the  maker. 

It  is  probable  that  the  film  of  gas  which  is  entangled  in  the  rough 
sooty  surface  is  of  considerable  thickness  and  that  rather  a  large  part 
of  the  resistance  to  the  passage  of  heat  is  perhaps  due  to  this  film.  It 
is  also  very  likely  that  as  the  velocity  of  the  gases  increases  their 
scrubbing  action  reduces  the  thickness  of  this  film.  This  probably 
again  adds  to  the  importance  of  the  velocity  of  gases  along  the  heating 
surface. 

The  influence  of  the  velocity  of  gases  on  the  thickness  of  the  film 
has  not  been  taken  into  consideration  in  the  derivation  of  equation 
18.  It  would  somewhat  lessen  the  effect  of  W  on  the  true  efficiency; 
that  is,  it  would  make  the  true  boiler  efficiency  more  nearly  constant 
for  all  rates  of  working. 

The  velocity  of  circulation  of  water  in  the  boiler  is  equal  in  impor- 
tance to  the  velocity  of  the  gases  on  the  outside  of  the  heating  surface. 
The  same  mathematical  reasoning  can  be  applied  to  the  influence  of 
velocity  of  gases  on  the  impartation  of  heat.  The  amount  of  steam 
formed  increases  directly  with  the  rate  of  heat  transmission,  and  if  the 
scrubbing  action  of  the  circulation  of  water  is  insufficient  to  remove 
it  from  the  heating  surface  the  resistance  due  to  the  layer  of  steam 
formed  will  rise  with  the  rate  of  making  steam.  Lack  of  adequate 
circulation  of  water  in  a  boiler  is  a  check  to  capacity.  The  fact  is 
becoming  well  known  that  small  automobile  boilers  are  making  steam 
ten  to  twenty  (or  even  more)  times  as  fast  per  unit  of  heating  surface 
as  stationary  boilers  in  power  plants,  and  at  better  efficiency.  This 
increased  rate  of  steaming  is  attained  purely  by  high  velocity  of  water 
and  steam  circulation  over  the  heating  surface. 

Formulas  17,  18,  and  19  apply  only  to  heat  imparted  to  the  boiler 
by  convection  and  conduction.  The  heat  which  is  received  by  radia- 
tion perhaps  follows  nearly  the  radiation  law  of  Stefan  and  Boltz- 
mann,  expressed  by  equation  20, 

(20)  IT  =  C  (T^-tiO, 
where  T  is  the  absojute  temperature  of  the  heat-radiating  body,  t^ 
the  absolute  temperature  of  the  heat-receiving  body,  and  C  a  constant. 

In  the  case  of  a  boiler,  t^  is  the  temperature  of  the  outside  layer  of 

soot  on  the  heating  surface,  and  is  a  variable,  depending  on  the  rate 

of  heat  transmission  through  the  sooted  and  scaled  boiler  plate.     The 

heat  transmitted  through  the  boiler  plate  is  given  by  equation  12, 

k 
H=,  (ti  — t).     As  the  heat  transmitted  through  the  boiler  plate  is 

8400— Bull.  325—07 9 
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equal  to  the  heat  received  by  the  surface  of  the  plate  by  radiation, 
equations  12  and  20  can  be  written  as  follows: 

c  ('p-ti*)=n=g(ti-t). 

On  substituting  the  value  of  ti  from  equation  12  in  equation  20,  the 
latter  becomes — 


(20)H  =  Cr'P-(H  ^+t)'"|. 


This  is  an  equation  of  the  fourth  degree,  and  the  value  of  H  can  be 
obtained  by  the  method  of  approximation. 

By  the  use  of  equations  18  and  20  it  is  possible  to  obtain  the  total 
heat  absorbed  by  any  boiler  and  its  true  efficiency.  However, 
before  the  equations  can  be  used  the  constants  in  them  must  be  deter- 
mined for  any  particular  boiler.  The  four  constants  in  the  two  equa- 
tions were  determined  for  the  Heine  boilers  at  the  fuel-testing  plant 
in  this  way:  Four  specific  cases  were  selected  from  the  results  of 
boiler  trials  and  from  the  resulting  equations  the  values  of  the  con- 
stants were  approximated.  The  two  equations  applied,  to  these 
Heine  boilers  are — 

__    _  2.7 

(18)  He  =  0.24We,  (1-e     i+oi524W)^  ^^ 

^''^  "-54OTi-o{''^-(b:U5  +  01  = 
where  t  at  80  pounds  gage  pressure  is  785°  F.  absolute  and  ©^  is  T  — t, 
T  being  the  actual  absolute  temperature  in  the  furnace  in  degrees 
Fahrenheit;  He  the  heat  received  per  second  by  the  boiler  bj'  con- 
vection and  conduction;  Hr  the  heat  received  per  second  by  radia- 
tion from  the  brickwork,  etc.,  of  the  combustion  chamber;  and  W 
the  weight  of  gases  in  pounds  passing  over  the  heating  surface  per 
second.  Within  the  workable  temperature  range  from  2,461°  to 
3,361°  F.  absolute,  Hris  obtained  with  fair  accuracy  by  the  simple 
straight-line  ocjuation — 

(21)  Hr  =  0.144T-294. 

The  per  cent  of  heat  received  by  radiation  referred  to  total  heat 
available  is — 

/•>^>^    V  -     (0.144T-21)4)X100 

^    ^^      ^•""().144T-204-f().24W>^o 
and  the  per  cent  of  heat  received  by  convection  referred  to  total 

heat  available  is — 


2.7 


(21^)  P:,^  100  (1  -e     1+01524W)  X  (1  _E^)^ 

The  true  boiler  efliciency  is  then  expressed  by  equation  24: 

(24)  E,  =  E,  +  Ee. 

Heat  which  is  radiated  to  the  boiler  during  the  combustion  of  fuel 

is  not  sensible  lieat,  because  it  does  not  raise  the  temperature  of  the 

gases.     This  is  the  reason.  \s^Vvy  tVve.  \v^^t;  radiated  is  added  to  the 
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heat  in  the  gases  at  the  temperature  T  to  obtain  the  total  heat  avail- 
ahle  for  the  boiler.  E,  has  been  calculated  by  formula  22  for  five 
values  of  W  and  the  results  are  plotted  on  the  lower  part  of  fig.  61. 
(  - — ?=-  )  has  been  calculated  by  equation  23  and  the  results  are  plot- 
ted on  the  upper  part  of  fig,  61.     The  true  efficiency  of  tnese  par- 
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iicular  fleine  boilers  can  be  obtained  for  any  condition  within  the 
practice  of  operation  by  a  simple  multiplication  and  addition. 

Example  1.  Let  5  pounds  of  gases  pass  over  the  heating  surface  in 
a  second,  and  let  the  actual  furnace  temperature  be  2,^*^^  Y  .  ^i^o- 
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lute.     In  fig.  61  (lower  part),  where  W  =  5  pounds  and  T  =  2,961*'  F. 
absolute,  Er  =  4.85.     In  the  upper  curve  of  fig.  61,  where  W  =  5  pounds, 

^  ^^^'' ,.  =  78.15.    Then  E,  =  Er  +  Ee  =  4.85  +  78.15  X  (100  -  4.85)  = 

100  — il«r 

79.15. 

Example  2.  Let  W  =  3  and  T  =  3,261°  F.  absolute.     Then  Er=9 

and  ^^ V  =  84.2.     E,  =  E^  +  Ee  =  9  +  84.2  X  (100  -  9)  =  85.62. 

100  —  il«r 

Examples.  Let  W  =  5  pounds  and  T  =  3,261  °  F.  absolute.  Then 
Er  =  5.6and--^"^,==  78.15.    E,  =  Er  +  Ec  =  5.6  +  78. 15 X  (100 -5.6)  = 

100  — -br 

80.4. 

In  examples  2  and  3  the  capacities  are  to  each  other  very  nearly 
as  3  is  to  5;  that  is,  if  the  capacity  is  90  per  cent  in  example  2  it  is 
nearly  150  per  cent  in  example  3. 

Equations  18  to  24  are  rational  formulas,  and  are  interesting 
because  they  are  derived  purely  by  mathematical  reasoning  from 
the  fundamental  laws  of  physics — that  is,  the  laws  of  convection, 
conduction,  and  radiation  of  heat.  It  is  gratifying  that  the  actual 
performance  of  two  individual  boilers  tlu'oughout  wide  ranges  of 
furnace  temperature  and  rates  of  combustion  has  been  very  closely 
approximated  by  a  formula  based  on  fimdamental  principles  of  phys- 
ics— the  laws  of  the  kinetic  theor}"  of  gases  and  liquids  and  of  the 
transfer  of  heat  bv  conduction  and  radiation. 

TEMPERATURE  TEST  OF  PERRY'S  EQUATION. 

For  the  purpose  of  testing  Perrs'^s  equation,  that  ''The  temperature 
al)()vo  boiler  water  of  the  gases  entering  a  boiler  =  the  temperature 
above  ])oilor  water  of  gases  leaving  the  boiler,  times  a  constant," 
all  tests  on  wliich  approximate  combustion-chamber  temperatures 
were  taken  by  a  Wanner  ()[)tical  pyrometer  were  used — a  total  of  215 
tests.  For  convenience,  tlie  temperature  of  the  water  in  the  boiler 
was  assumed  to  have  been  always  .'U7°F.  This  temperature  varied 
5°  or  6°  in  different  tests.  The  resulting  constants,  which  ranged 
from  4  to  14,  were  collected  in  groups,  showing  that  two  fall  between 
4.5  and  5,  six  between  5  and  5.5,  nineteen  between  5.5  and  6,  etc. 
These  relations,  plotted  on  the  chart  (fig.  62), show  that  the  peak  comes 
at  7.25;  the  arithmetical  average  of  all  tlie  values  is  7.43.  It  will  be 
noticed  on  the  curve  that  there  are  more  high  values  than  low  values, 
whereas  a  true  probability  curv^e  is  spnmetrical  on  both  sides  of  the 
vertical  axis. 

On  looking  up  tlie  high  values,  especially  those  between  10  and  10.5, 
the  average  point  of  which  is  rather  higli,  it  is  found  that  they  belong 
to  tests  having  flue  temperatures  that  are  .suspiciously  low  for  various 
reasons.     But  leaving  in  this  point  and  casting  out  the  six  tests  hav- 
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ing  the  highest  values  of  the  constant  (all  of  which  have  the  suspi- 
ciously low  flue  temperatures),  the  remaining  209  tests  average  7.3 — 
about  the  same  value  as  that  of  the  peak  of  the  curve. 

This  means  that  if  the  excess  of  combustion-chamber  temperature 
above  steam  temperature  be  divided  b}'  7.25  the  quotient  will  be  the 
probable  excess  of  fJue  temperature  above  steam  temperature.     This 
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result  is  now  to  be  compared  with  the  '  true  boiler  efficiency,"  which 
was  tentatively  found  to  be  82.7  per  cent.  The  calculation  to  be 
made  assumes  that  the  specific  heat  of  the  gas  mixture  is  constant  up 
to  2,5()0°  F.,  which  is  probably  not  true.  It  is  also  assumed  that  no 
cold  air  leaks  into  the  gas  stream  between  the  entrance  to  the  boiler 
and  the  flue,  which  wo  know  is  far  from  true. 
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On  the  avssumption  that  the  initial  temperature  of  the  ^ases  is  2,500° 
F.,  this  is  2,500° -317°  =  2,183°  F.  above  steam  temperature;  2,183** 
divided  by  7.25  =  301°  F.  the  probable  excess  of  flue  temperature  over 
boiler- water  temperature.  Now,  out  of  the  maximum  possible  2,183 
B.  t.  u.  that  might  be  absorbed  by  a  boiler  from  each  4.15  or  (u.Jj) 
pound  of  furnace  gases,  this  boiler  absorbed  2,183  —  301  =  1,882  B.  t.  u., 
which  is  80.2  per  cent  of  2,183.  That  is,  the  true  boiler  efficiency  cal- 
culated from  initial  and  final  temperature  of  gases  is  86.2  per  cent, 
which  is  fairly  close  to  the  82.7  per  cent  found  above. 

Into  this  method  of  calculating  the  '^iriie  boiler-efficiency  constant" 
there  enter  two  errors,  which  will  be  roughly  corrected  in  a  specific 
calculation.  The  combustion-chamber  temperature,  as  read  by  the 
optical  p^Tometer,  is  known  to  have  been  usually  low.  In  this  calcu- 
lation it  will  be  assumed  that  the  pyrometer  read  100*^  low,  making 
the  true  initial  temperature  2,600°  F. ;  also  it  will  be  assumed  that  the 
air  which  leaked  through  the  etting  amounted  to  20  per  cent  in  mass 
of  the  gases  which  entered  the  boiler,  which  is  an  approximately  true 
average,  and  that  all  of  this  air  entered  the  stream  of  gas  after  leaving 
the  boiler  and  before  reaching  the  flue  thermometer,  which  is  not  true. 

The  initial  temperature  is  2,600° -317°  =  2,283°  F  above  steam 
temperature.  If  we  use  the  old  constant,  7.25,  the  flue  temperature 
should  be  2,283°  F.  -j- 7.25  =  315°  F.  above  steam  temperature,  which 
would  make  the  flue  temperature  632°  F.,  say  630°.  Remembering 
that  this  630°  is  the  result  of  the  cooling  of  the  gases  by  the  boiler  and 
also  of  the  addition  of  cold  air  at  60°  F.  to  the  extent  of  20  per  cent, 
we  can  calculate  that  the  flue  temperature  would  have  been  about 
768°  F.  had  this  admixture  not  occurred.  Subtracting  317°  from 
768°,  we  have  left  45r  F.  Thus  out  of  the  maximum  2,283  B.  t.  u., 
which  a  l)oiler  miglit  possibly  be  built  to  absorb  from  every  4.16 
pounds  of  gases,  tliis  boil<»r  al)sorbs  2,283  —  451  =  1,832  B.  t.  u.,  which 
is  80.3  per  cent  of  2,2S3.  That  is,  the  true  boiler  efficiency  thus 
approximated  by  initial  and  final  temperature  of  furnace  gases  is  80.3 
per  cent ;  before  correction  it  was  86.3  per  cent.  The  mean  is  clo.se  to 
the  value  S2.7  found  bv  the  entirelv  difTerent  heat-balance  method. 

RATIO  MODIFIED  IN  PRACTICE  BT  INITIAL  TEMPERATURE. 

The  lower  curve  of  fig.  62  (]).  133)  was  formed  for  all  the  individual 
tests  from  the  same  ratios  as  the  U|)|)er  curve.  The  ratios  of  excess 
of  furnace  temperature  to  excess  of  Ihie-gas  temperature  were  all 
plotted  preliminarily  on  a  slieet  of  coordinate  paper,  and  the  average 
value  of  the  ratios  falling  in  each  horizcmtal  temperature  strip.  50° 
wide  was  determined.  These  average  values  are  given  by  the  posi- 
tions of  tlie  small  circles,  the  number  beside  each  giving  the  number 
of  tests  falling  in  tliat  horizontal  temperature  strip.  It  will  be  noticed 
thai  the  heavy  line,  driwvu  through  the  points  from  these  averages 
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A\4th  regard  to  their  respective  weights,  slopes  upward  to  the  right — 
that  is,  with  the  higher  furnace  temperatures  the  boilers  absorb  a 
slightly  larger  portion  of  the  heat  available  to  them,  only  that  heat  in 
the  gases  which  is  above  steam  temperature  being  considered  as  avail- 
able. The  dotted  line  marks  the  boundary  of  the  field  covered  by  the 
individual  ratio  points. 

As  a  numerical  example  let  us  take  two  cases  and  figure  backward 
from  the  ratios  to  the  *Hrue  boiler  efficiencies.'^ 

Case  1 :  From  the  curve  (the  lower  one)  we  see  that  when  the  tem- 
perature of  the  combustion  chamber  minus  steam  temperature  equals 
1,700°  F.,  the  ratio  averages  7.0.  Dividing  1,700°  by  7.0,  we  get  243°, 
the  average  excess  of  the  flue  temperature  above  steam  temperature 
at  this  initial-temperature  excess. 

^  ,  ^~ — -  =  85.7  per  cent  =  true  boiler  efficiency. 
1,700  ^ 

Case  2:  From  the  same  curve  take  initial  temperature  excess  == 

2,400°  F. ;  the  ratio  is  8.2 ;  2,400  -r-  8.2  =  293°,  the  average  excess  of  flue 

temperature  over  steam  temperature  under  these  conditions. 

-^— - — ^- — -  =  87.7  per  cent  ==  true  boiler  efficiency. 
2,400  ^  -^ 

The  value  in  the  first  case  was  85.7  per  cent.  The  second  case  then 
gives  an  increase  of  2  per  cent  of  the  heat  which  could  possibly  be 
absorbed. 

One  tentative  explanation  of  this  slight  increase  of  efficiency  at 
higher  temperatures  is  that  the  boiler  absorbs  heat  not  only  by  con- 
vection from  the  gases  among  its  tubes,  an  action  to  which  Perry's 
tentative  theory  is  applicable,  but  also,  more  or  less,  by  radiation  from 
the  bottom  and  sides  of  the  combustion  chamber  onto  the  bare  tubes 
in  the  rear,  where  the  gases  leave  the  combustion  chamber.  This 
radiation  does  not  increase  directly  with  the  furnace  temperature,  but 
varies  as  the  difference  of  the  fourth  powers  of  the  absolute  tempera- 
tures of  the  radiating  and  receiving  bodies.  That  is,  if  Tf  represents 
the  absolute  temperature  of  the  furnace  walls  ^ Visible''  to  the  exposed 
tubes,  and  Tt  the  absolute  temperature  of  the  outer  surface  of  the 
cold  tubes,  the  heat  absorbed  by  the  tubes  due  to  radiation  is  pro- 
portional to  (Tf^  — Tt*).  It  is  easily  seen  that  inasmuch  as  Tt  is 
practically  constant,  changes  in  Tp  will  change  the  value  of  the 
parenthesis  a  great  deal.  Consequently,  as  the  temperature  of  the 
combustion-chamber  walls  rises  the  amount  of  heat  absorbed  by  the 
exposed  portion  of  the  lower  row  will  increase  much  more  rapidly;  and 
though  this  heat  is  only  a  part  of  the  total  heat  absorbed  by  the  whole 
boiler,  its  rapid  rate  of  increase  may  raise  the  ^^  true  boiler  efficiency" 
a  little. 

The  lower  curve  of  fig.  62  (p.  133)  bends  to  the  right  as  it  ascends. 
If   the  radiation  increased   directly   as   the   teiw^e^^^^wc^  ^^'s^^x^rj^ 
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between  the  furnace  walla  and  bare  tubes,  the  line  might  well  be 
straight;  but  as  it  increases  according  to  the  fourth-power  law,  the 
curve  should  bend  to  the  right. 

Thus  by  two  entirely  different  and  independent  methods  we  have 
arrived  at  the  conclusion  that  the  true  efficiency  of  these  boilers  is 
nearly  constant.  These  methods  are  the  heat-balance  method -de- 
scribed on  pages  139-141,  and  the  excess-temperature-ratio  method 
just  given.    On  pages  143-145  another  independent  method  arriving  at 
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tlio  same  com-hision  is  given,  wilh  the  lulditiouid  rcfmmnent  that  tnic 
boiler  efficiency  iiierenses  sliglilly  not  only  with  increase  of  fiimnee 
tenipeniture,  but  njsii  with  decrease  in  the  nnioiint  of  steam  made. 
It  must  be  distinctly  understood  that  all  these  ideas  are  advanced 
tentatively  only,  as  another  attempt  to  separate  furnace  and  boiler. 
TJk'  indication  that  the  true  l)oilcr  eflieicncy  is  si>  nearly  cinistant. 
and  MO  Jittle  affected  \>y  u\U'\r\  lwTUB.tti  \.t\w^\'a.\>M»i  S*  ?5:^<*s\\\sf.,  as 
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suggesting  that  some  such  formula  as  Perry's  must  be  nearly  correct* 
Thus  encouragement  is  given  to  the  hope  that  there  is  a  way  to  deter- 
mine once  for  all  one  constant  boiler  efficiency,  from  which  we  can 
calculate  backward  and  obtain  the  combustion  efficiency  or  per 
cent  of  completeness  of  combustion — the  vital  point  in  fuel  testing. 
This  applies  only  to  boilers  obtaining  their  heat  by  convection,  not 
by  radiation. 

Fig.  63  is  based  on  exactly  the  same  data  as  those  of  fig.  62  (p. 
133),  which  are  elsewhere  explained.  It  is  intended  to  show  the  rela- 
tion of  flue-gas  temperature  to  capacity  when  the  furnace  tempera- 
ture remains  nearly  constant.  The  tests  were  arranged  in  six  groups 
in  such  a  way  that  the  variation  of  the  furnace  temperature  was  less 
than  100°  F.  in  each  group. 

The  tests  in  each  of  these  groups  were  then  classified  on  the  basis 
of  the  ratio  of  temperature  of  furnace  minus  that  of  steam  to  tem- 
perature of  flue  gas  minus  that  of  steam,  and  this  ratio  was  plotted 
against  the  average  capacity  of  each  class. 

The  curves  show  a  general  tendency  of  the  capacity  to  rise  with 
the  low-temperature  ratios.  This  is  in  accordance  with  equation  17; 
as  the  furnace  temperature  remains  nearly  constant,  higher  capaci- 
ties are  obtained  by  increasing  the  weight  of  gases  passing  over  the 
heating  surface  per  second.  The  increase  of  the  weight  of  gases 
causes,  according  to  equation  17,  the  rise  in  flue-gas  temperature. 

In  other  words,  this  rise  of  flue-gas  temperature  is  probably  due 
to  two  causes:  (1)  When  more  heat  is  put  through  the  outer  gas 
film,  soot,  metal,  scale,  and  inner  steam  film  or  bubbles  the  tempera- 
ture gradient  must  necessarily  be  steeper,  and  since  the  conductivity 
of  all  these  layers  except  the  metal  is  low,  the  rise  of  temperature  of 
the  outer  soot  layer  and  its  entangled  gases  may  be  several  hundred 
degrees,  whence  it  becomes  a  less  active  heat  absorber,  and  conse- 
quently the  gas  escapes  at  a  higher  temperature,  so  that  the  effi- 
ciency of  the  boDer  is  less.  (2)  As  shown  in  fig.  7  (p.  16),  the  circu- 
lation of  water  does  not  keep  up  to  requirements,  so  that  the  steam 
film  on  the  scale  becomes  thicker,  or  more  of  the  surface  is  covered 
with  bubbles,  which  again  makes  the  boiler  a  poorer  heat  absorber. 

A  CONCEPTION  OF  BOILEB  AND  FUBNACE  EFFICIENCY. 
THE    CODE    FORM    AND   A   REVISED   FORM    OF    HEAT    BALANCE. 

The  ** boiler  efficiency ''  given  in  the  A.  S.  M.  E.  code  as  item  72* 
is  the  ratio  of  the  heat  absorbed  in  the  boiler  and  carried  away  in  the 
steam  to  the  highest  possible  amount  of  heat  that  could  be  generated 
in  the  furnace.  The  denominator  of  this  ratio  is  calculated  by  sub- 
tracting  from  the  total  pounds  of  '^combusti])le"  fired  the  number  of 
pounds  of  combustible  in  the  ash  and  multiplying  this  difference  by 
the  calorific  value  of  1  pound  of  ''combuslWAe?^ 
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The  efficienc)-  represented  by  code  item  72*  is,  thea,  the  over-all 
efficiency  of  the  whole  steam-generating  apparatus,  as  combustible 
found  in  the  ash  is  considered  as  if  it  had  never  been  fired.  It  often 
liappens  that,  on  account  of  incomplete  combustion,  the  quantity  of 
heat  represented  by  the  denominator  of  the  above  ratio  is  not  really 
developed  in  the  furnace.  Carbon  monoxide  in  the  analysis  of  ttw 
stack  gases  is  one  indication  of  this  incomplete  combustion. 
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The  ratio  uf  the  boat  that  is  actually  generated  in  the  furnace  to 
the  niaximutu  amount  of  heat  that  could  be  developed  may  be  called 
the  efficiency  of  the  furnace  or  the  furnace  efficiency.  The  ratio  of  the 
heat  absorbed  by  the  boiler  and  carried  away  in  steam  to  the  heat 
actually  generated  from  the  burning  of  the  fuel  may  be  termed  the 
boiler  efficienc^y,  and  represents  the  ability  of  the  l»oiler  to  absorb 
heat  under  gi\eii  conditions.  The  efficiency  given  by  code  item  72* 
is  the  product  of  the  boi\er  and  tvLxna*;e  eSv.irv6Tnive*  aa  ^w^^  i.(&v&d. 
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Carbon  monoxide  is  not  the  only  resultant  of  incomplete  combus- 
tion, although  the  heat  lost  by  it  is  the  only  loss  due  to  incomplete 
combustion  that  has  been  taken  account  of  in  the  heat  balance. 
The  remainder  of  the  incomplete  combustion  losses  appear  in  the 
^^unaccounted  for."  A  high  unaccounted-for  loss,  then,  should  be 
an  indication  of  low  furnace  efficiency. 

The  upper  curve  of  fig.  64  shows  the  relation  between  *^  boiler  effi- 
ciency" (code  item  72*)  and  the  unaccounted-for  loss  plus  radiation 
loss  (heat  balance,  item  6).  All  the  tests  chosen  for  this  chart  have 
an  average  of  9  per  cent  or  more  of  carbon  dioxide  in  the  escaping 
gases,  which  indicates  that  they  must  all  have  had  comparatively 
high  furnace  temperatures.  It  has  always  been  thought  that  when 
a  high  furnace  temperature  is  maintained  the  boiler  would  absorb  a 
high  per  cent  of  the  heat  developed  in  the  furnace;  therefore,  the 
boiler  efficiency  as  defined  above  must  have  been  relatively  high  for 
all  the  tests  of  this  chart. 

It  will  be  noticed  that  the  sum  of  the  ordinate  and  abscissa  for 
any  point  of  this  curve  is  constant  at  77  per  cent.  For  instance, 
when  item  72*  is  73  per  cent  the  unaccounted-for  loss  is  4  per  cent; 
sum,  77  per  cent.  When  item  72*  is  57  per  cent,  the  unaccounted- 
for  loss  is  20  per  cent;  sum,  77  per  cent.  The  curve  should  have 
been  drawn  more  nearly  horizontal  for  the  low  unaccounted-for 
values. 

The  decrease  of  the  combined  efficiency  of  boiler  and  furnace 
(code  item  72*)  with  the  increase  of  the  unaccounted-for  loss  must 
then  be  due  to  the  decrease  of  furnace  efficiency. 

With  this  idea  of  furnace  efficiency  in  mind,  a  new  form  of  heat 
balance,  shown  below,  is  compared  with  the  heat  balance  given  in 
the  A.  S.  M.  E.  code. 

Heat  balance  as  given  in  the  code. 

Per  cent, 

1.  Heat  absorbed  by  boiler 60. 30 

2.  Loss  due  to  moisture  in  coal 26 

3.  Ix)8S  due  to  moisture  formed  })y  burning  of  hydrogen : 4. 09 

4.  Loss  due  to  heat  carried  away  in  dry  chimney  gases 14. 96 

5.  Loss  due  to  incomplete  combustion  of  carbon  (CO  loss) 2. 17 

6.  Loss  due  to  unconsumed  hydrogen  and  hydrocarbons,  to  heating  the  mois- 

ture in  the  air,  to  radiation,  and  unaccounted  for : 18. 22 

A  revised  form  of  heat  balance. 

1.  Heat  absorbed  by  l)oiler 60. 30 

2.  Loss  due  to  moisture  in  coal 26 

3.  Loss  due  to  moisture  formed  l)y  burning  of  hydrogen 3. 26 

4.  Loss  due  to  heat  carried  away  in  dry  chimney  gases 11 .  93 

5.  I>o88  due  to  radiation 3. 97 

Total  heat  g«*nerated 79.  72 

6.  I^ss  due  to  incomplete  combustion  of  carbon  (CO  loss) 2. AT 

7.  Loss  due  to  other  forms  of  incomplete  combustioTv ^^.XV 
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In  the  new  heat  balance  the  subtotal  79.72  represents  the  per  cent 
of  the  calorific  value  of  the  fuel  that  has  been  generated.  It  may 
be  taken  as  the  efficiency  of  the  furnace,  or,  to  speak  more  properly, 
the  per  cent  of  completeness  of  combustion.  The  latter  phrase  will 
be  used  in  this  discussion  for  this  subtotal,  which  is  defined  as  the 
ratio  of  the  heat  generated  by  burning  a  unit  weight  of  combustible 
in  the  furnace  to  the  heat  obtained  by  burning  the  same  weight  of 
combustible  in  the  calorimeter.  This  efficienc}^  is  designated  else- 
where in  this  bulletin  by  the  symbol  E3. 

The  method  of  determining  the  radiation  loss  is  given  on  page  143. 
It  is  noticecl  that  items  3  and  4  are  smaller  in  the  revised  heat  bal- 
ance than  in  the  heat  balance  of  the  code.  This  is  because  thev 
have  been  multiplied  by  the  per  cent  of  completeness  of  combustion. 
This  correction  was  made  on  the  assumption  that  if  only  79.72  per 
cent  of  the  calorific  value  of  the  fuel  was  realized,  only  79.72  per 
cent  of  each  constituent  of  the  moisture  and  ash-free  coal  was 
burned.  This  may  not  be  the  state  of  affairs  in  incomplete  com- 
bustion, but  the  assumption  furnishes  a  basis  for  calculations  and 
perhaps  the  correction  made  on  this  assumption  reduces  the  error 
of  the  calculation  within  the  limits  of  accuracy  of  the  analysis  of 
the  escaping  gases. 

In  the  revised  heat  balance  the  ratio  of  60.30  to  79.72  is  the  boiler 
efficiency,  which  may  be  defined  as  the  ratio  of  the  heat  absorbed 
by  the  boiler  and  carried  away  in  the  steam  to  the  heat  actually 
generated  by  the  burning  of  the  fuel.  This  ratio  is  elsewhere  in  this 
bulletin  designated  by  the  symbol  E5.  The  product  of  the  furnace 
and  boiler  efficiencies  is  the  efficiency  of  the  boiler  and  fiu'nace  com- 
bined  and  is  the  same  as  tliat  given  in  the  code  as  item  72*.  As 
explained  above,  this  combined  efficiency  may  be  considered  as  the 
over-all  efficiency  of  the  steam-generating  apparatus  if  the  combus- 
tible in  the  ash  is  considered  as  not  being  fired. 

As  the  calculations  for  tliese  cliarts  are  somewhat  lengthy,  one 
test  has  been  taken  as  an  example  and  the  calculations  for  it  are 
given  at  the  end  of  this  discussion.  The  number  of  pounds  of  gas 
passing  over  the  water-heating  surface  per  hour  and  also  the  theo- 
retical initial  temperature  of  the  gas  have  been  calculated  for  each 
test.  The  term  initial  temi)erature  is  used  in  this  paper  to  mean 
that  temperature  to  which  the  gases  would  rise  if  it  were  possible  to 
prevent  loss  of  heat  from  them  bv  either  conduction  or  radiation 
until  all  combustion  had  ceased.  In  figuring  the  initial  temperature 
it  was  assumed  that  the  s])ecific  heat  remains  constant. 

All  the  steaming  tests  made  at  the  testing  plant  were  arranged  in 
groups  according  to  per  cent  of  rated  capacity,  as  follows:  65  to  75, 
75  to  So,  85  to  95,  etc.  Then  the  tests  of  each  of  these  groups  were 
rearranged  according  to  their  calculated  initial  temperatures  into  the 
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following  ^oups:  1,600°  to  1,800°  F.,  1,800"  to  2,000°  F.,  2,000°  to 
2,200°  F.,  etc.  Each  of  these  40  smaller  groups  was  averaged  for 
(1)  initial  temperature  (calculated);  (2)  pounds  of  gas  passing  over 
the  wat«r-heatmg  surface  per  hour;  (3)  percentage  of  rated  capacity 
developed;  (4)  boiler  efficiency  (E^),  and  (5)  true  boiler  efficiency 
(EJ.     The  first  four  averages  for  each  group  were  considered  as 


K[0.  tij— Curvos  ol  constant  Ijoilir  pfllclencj-  (Ei)  antl  of  constant  ra parity  ilpveloprd. 

data  of  one  representative  test  and  were  plotted  on  the  chart  shown 
in  fig.  65,  and  the  first  three  and  the  fifth  in  fig.  66. 

DEltlVATION  OF  THK  CONSTANT-CAPACITY  CURVES  OF  FIQ.  45. 

Each  of  the  above  forty  representative  tests  was  plotted  on  rec- 
tangular axes,  the  theoretical  temperatures  being  used  as  ordinates 
(see  fig.  65)  and  the  number  of  pounds  ot  g&s  'fftssov^  oNct  ■Oa.f^s^*?!- 
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heating  surface  per  hour  as  abscissas.  When  a  point  was  located 
it  was  marked  with  the  average  capacity,  the  number  of  actual  tests 
that  were  averaged,  and  the  average  boiler  efficiency  ISg.  (See  note 
at  top  of  the  chart.)  In  the  upper  left-hand  comer  there  is  a  point 
which  is  marked  '^76.5,  2,  and  88.7.'^  This  means  that  two  tests 
were  averaged,  that  the  average  E5  was  76.5,  and  that  the  average 
capacity  was  88.7  per  cent  of  the  builder's  rated  capacity;  and  the 
position  of  the  point  on  the  chart  shows  that  the  average  number 
of  pounds  of  gas  passing  over  the  water-heating  surface  per  hoiu* 
was  9,300.  When  the  forty  representative  tests  were  plotted  in  this 
manner  it  was  found  that  lines  of  constant  capacity  could  be  drawn 
through  these  points.  The  lines  extending  from  the  upper  left-hand 
comer  to  the  lower  right-hand  comer  of  the  chart  are  these  con- 
stant-capacity lines.  They  are  labeled  with  their  respective  per- 
centages of  rated  capacity  developed. 

DERIVATION    OF   BOILER   EFFICIENCY    (Ej). 

Moisture  is  always  present  in  the  products  of  combustion,  and  it 
takes  an  appreciable  amount  of  the  heat  generated  in  the  furnace  to 
convert  this  from  water  into  steam.  The  rest  of  the  heat  generated 
goes  to  raising  the  temperature  of  the  gases.  It  was  found  that  the 
average  amount  of  latent  heat  in  1  pound  of  the  escaping  gases  was 
26.65  B.  t.  u.,  which  is  enough  to  raise  the  temperature  of  1  pound 
of  gas  111°  F.  In  these  calculations  the  specific  heat  of  the  dry  gases 
was  taken  as  0.24  for  all  temperatures  and  the  specific  heat  of  steam 
as  0.48.  On  this  assumption  the  same  amount  of  heat  is  used  to  raise 
the  temperature  of  1  pound  of  steam  1°  as  is  required  to  raise  the  tem- 
perature of  2  pounds  of  dry  gases  1°,  so  in  order  to  use  0.24  as  the 
specific  heat  of  all  the  products  of  combustion  the  number  of  pounds 
of  steam  in  the  gases  was  multi})lied  by  2. 

JjQt  the  lower  curve  of  fig.  64  (p.  138)  be  one  of  the  constant-capacity 
curves  shown  in  fig.  65.  The  scale  to  the  left  of  the  chart  represents 
the  B.  t.  u.  available  for  raising  the  temperature  of  1  pound  of  gas 
from  atmospheric  to  furnace  temperature.  The  theoretical  furnace 
temperatures  to  the  right  of  the  chart  are  obtained  by  dividing  by 
0.24  the  B.  t.  u.  available  for  raising  the  temperature  of  1  pound  of 
gas  and  adding  to  the  (juoticnt  the  temperature  of  the  atmosphere, 
whicli  is  taken  as  70°  F.  The  line  CD  is  drawn  in  such  a  manner  that 
the  distance  ED  represents  on  the  scale  to  the  left  26.65  B.  t.  u., 
which  was  found  to  be  the  average  amount  of  latent  heat  in  1  pound 
of  furnac<»  gas.  The  area  ABCD  represents  the  total  heat  generated  in 
the  furnace;  the  area  CDEF  shows  the  latent  heat  in  the  gases  and  the 
area  ABEF  shows  the  heat  available  for  raising  the  temperature  of  EF 
pounds  of  gas  from  70°  F.  to  the  initial  furnace  temperature  A.  Since 
the  curve  is  one  representing  constant  capacity,  the  heat  absorbed 
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by  the  boDer  in  all  tests  on  this  curve  will  be  a  constant  and  this 
constant  divided  by  the  area  ABCD  will  be  the  boiler  efficiency  E^ 
for  the  point  B.  By  using  the  ratio  of  the  constant  heat  absorbed 
by  the  boiler  to  the  area  ABCD,  those  positions  of  B  which  represent 
efficiencies  61 ,  62,  and  63  per  cent,  etc.,  were  found.  By  this  means  lines 
of  constant-boiler  efficiency  (E5)  were  found  and  drawn  on  the  chart 
(fig.  65).  It  will  be  noticed  that  the  efficiency  of  the  plotted  points 
generally  falls  within  about  1  per  cent  of  their  allotted  position  as 
determined  by  these  constant-efficiency  lines. 

DERIVATION    OF   TRUE    BOILER    EFFICIENCY    (E^). 

The  constant-capacity  lines  are  of  the  form  xy°  =  constant,  where 
x  =  number  of  pounds  of  gas  passing  over  the  water-heating  surface 
per  hour  and  y  =  the  calculated  initial  temperature.  The  curves 
are  all  asymptotic  to  the  lines  x  =  0  and  y  =  325°  F.  (See  fig.  64.) 
The  temperature  of  the  steam  in  the  boiler  at  about  80  poimds  pres- 
sure is  325°  F.  Now,  if  the  boiler  were  infinitely  long  and  there 
were  no  heat  lost  in  radiation,  the  boiler  could  never  cool  the  gases 
below  a  temperature  of  325°  F.  In  other  words,  only  the  heat  repre- 
sented by  the  area  ABGH  is  available  to  the  boiler.  The  ratio  of 
the  heat  absorbed  by  the  boiler  and  carried  away  in  the  steam 
(which  is  constant  for  any  point  on  the  constant-capacity  line)  to  the 
heat  available  for  the  boiler,  area  ABHG,  has  been  termed  the  true- 
boiler  efficiency  (E^).  (This  definition  of  E^  differs  very  slightly 
from  the  one  finally  chosen,  for  which  see  glossary,  p.  182.) 

This  efficiency  E^  has  been  calculated  for  each  test  and  the  method 
used  is  shown  with  the  other  calculations  on  page  145.  The  chart 
shown  in  fig.  66  is  similar  to  that  of  fig.  65  in  every  respect  except 
that  E4  is  used  instead  of  Eg. 

METHOD   OF    ESTIMATING   RADIATION. 

• 

It  was  necessary  to  devise  some  method  for  estimating  the  radia- 
tion losses  in  order  to  calculate  the  per  cent  of  completeness  of  com- 
bustion (E3).  The  method  used  was  very  crude  and  was  based  on 
the  following  reasoning: 

The  radiation  from  the  top  of  the  boiler  drum  and  the  front  and 
rear  water  legs  is  very  nearly  constant  and  was  determined  as  follows : 
With  no  fire  under  the  boiler  the  uptake  was  closed  by  laying  boards 
across  the  opening  at  the  base  of  the  stack  and  covering  them  with 
cement.  This  prevented  any  air  from  going  up  the  stack.  The  fire 
doors  and  ash  pit  were  bricked  up  to  prevent  air  from  entering  the 
setting.  After  drawing  the  water  out  of  the  boiler  it  was  filled  with 
steam  from  another  boiler  carrying  80  pounds  pressure.  This  pres- 
sure was  maintained  until  the  temperature  in  the  combustion  cham- 
ber became  c<)nstant.     The  amoimt  of  condensed  steam  per  hour  waa 
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then  we^hed  and  was  taken  as  a  measure  of  the  heat  radiated  per 
hour.  The  radiation  from  the  brick  setting  and  fire  doors  was  con- 
sidered to  increase  with  the  capacity.  When  the  boiler  developed  90 
per  cent  of  its  rated  capacity  the  variable  radiation  was  taken  as  three- 
fifths  and  the  constant  radiation  as  two-fifths  of  the  total  heat  radiated. 
The  increase  of  the  variable  radiation  with  capacity  was  such  as  to 
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make  the  total  B.  t.  u.  radiated  per  hour  3i)5,()lMI  at  51)  per  c*nt  of  the 
rated  rapacity  and  500,000  B.  t.  u.  at  120  per  cent  of  the  rated  capac- 
ity- A  chart  (not  given  here)  was  drawn  having  B.  t.  u.  radiated  per 
hour  as  ordinates  and  per  cent  of  the  rated  capacity  developed  as 
abscissas,  and  the  two  above  points  were  plotted  on  it.^    By  connect- 
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ing  these  points  with  a  straight  line  the  B.  t.  u.  radiated  per  hour 
could  be  estimated  for  any  capacity. 

The  heat  required  to  change  1  pound  of  water  at  70°  F.  to  steam  at 
212°  F.  =  (212  -  70)  X  1  +  966  =  142  (0.48  +  0.52)  +  966  =  (0.48  X 142)  + 
(0.52  X 142)  +  966  =  68  +  74  -f  966  =  68  + 1,040. 

The  heat  required  to  raise  2  pounds  of  dry  gas  from  70°  F.  to  212° 
F.  =  (212  -  70)  X  0.24  X  2  =  68. 

It  is  evident  from  the  above  that  1,040  more  B.  t.  u.  are  required  to 
change  1  pound  of  water  from  70°  F.  to  steam  at  212°  F.  than  are 
required  to  raise  2  pounds  of  gas  through  the  same  range  of  tempera- 
ture. However,  at  any  temperature  above  212°  F.  the  same  amount 
of  heat  is  required  to  raise  the  temperature  of  2  pounds  of  gas  1°  F. 
as  is  required  to  raise  the  temperature  of  1  pound  of  steam  1°  F. 
Therefore  in  calculating  the  total  heat  and  the  initial  temperature  of 
the  gases,  1  pound  of  water  may  be  considered  as  the  equivalent  of  2 
pounds  of  dry  gas,  provided  that  in  the  case  of  the  1  poimd  of  water 
accoimt  is  taken  of  the  1,040  B.  t.  u.  which  are  not  available  for  rais- 
ing temperature. 

The  following  calculations  were  made  on  test  216,  the  heat  balance 
of  which  is  given  on  page  139: 

Calculations  based  on  test  216  to  deduce  a  better  heat  balance. 

Per  cent  of  completeness  of  combustion  (E3) :  Per  cent. 

Per  cent  of  rated  capacity  developed 103 

Calorific  value  of  1  pound  of  ''combustible "  taken  as 100 

A.  Heat  absorbed  by  boiler  (heat-balance  item  1) 60.  30 

B.  Heat  carried  away  in  moisture  of  coal  (heat-balance  item  2) .26 

C.  Heat  carried  away  in  moisture  formed  by  burning  hydrogen  (heat- 

balance  item  3) (4.  OOh-IOOxEj) 

D.  Heat  carried  away  in  dry  gases  (heat-balance  item  4) (14.  Oe^-lOOxEj) 

E.  Heat  lost  in  radiation 3.  97 

Ej  (per  cent  of  calorific  value  of  fuel  that  has  been  generated )= A -f-B-f 

C+D-l-E 79.72 

Boiler  efficiency  ( E5)= A  X 100 -^-Eg 75.  64 

Total  pounds  of  equivalent  dry  gas  passing  over  water-heating  surface  per 

hour:  Pounds. 

F.  Moisture  in  coal  for  every  pound  of  ''combustible"  (figured  from 

proximate  analysis) 0.  03 

Hydrogen  per  pound  of  ' '  combustible  "  (ultimate  analysis) 0543 

G.  Moisture  formed  by  burning  of  hydrogen=9X0.0543X  E3 39 

H.  Total  moisture  in  gases  formed  from  1  pound  of  "  combustible  "  = 

F+G 42 

Dry  gas  per  pound  of  "combustible,"  assuming  £3=100  (figured 

from  gas  analysis) 18.  35 

I.  Actual  dry  gas  per  pound  of  "combustible"  as  fired=18.35XE3 14.  63 

J.  "Equivalent"   dry  gas  per  pound  of  "combustible"   as  fired  = 

I-1-(2XH)  (see  discussion  of  calculations) 15.  47 

total  combustible  ascending  from  grate  per  hour  (code  item  47* ) 775.  0 

Total  equivalent  dry  gas  passing  over  the  water-heating  surface  per 
hour=15.47  X  775.0 \}s.,^^^ 

8400— Bull  325—07 10 
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Heat  in  gases  below  325°  F.  (steam  temperature):  B.  t.  u. 

K.  Heat  in  the  gases,  from  1  pound  of  "combustible,"  which  is  unavailable 

for  raising  temporature=HX  1,040  (see  discussion  of  calculation). .  437 

L.  Heat  required  to  raise  the  temperature  of  gases  formed  from  1  pound 

of  ''combustible"  taken  from  70**  F.  to  325*>  F.=  J  X  012 947 

M.  Total  heat  below  325°  F.  in  the  gases  from  1  i)ound  of  **combusti- 

ble"=K+L , 1,384 

Heat  above  325°  F.  in  the  gases  from  1  pound  of  ''combustible" — that  is,  heat 
available  to  the  boiler: 

Calorific  value  of  1  pound  of  ''combustible "  (item  51) 15, 423 

N.  B.  t.  u.  generated  from  1  pound  of  " combustible "=  Eg  X  15,423 12,295 

0.  Heat  available  for  the  boiler  per  pound  of  "combustible"=N— M...     10,911 
True  boiler  efficiency  (E4): 

P.  Heat  absorbed  by  the  boiler  per  pound  of  "combustible"  (from  heat 

balance) 9, 300 

E4=P-i- 0=85.23  per  cent. 
Theoretical  initial  temperature: 

Heat  above  325°  F.  in  1  poundof  gas=0-f-J 705.3 

705.3  B.  t.  u.  will  raise  the  temperature  of  1  pound  of  gas  705.3 -1-0.24,  or 

2,939°  F. 
Initial  temperature  =  2,939°+  325°==  3,264°  F. 

As  explained  in  the  discussion  on  page  140,  the  calculated  initial 
temperature  as  given  by  the  scale  to  the  left  of  figs.  65  (p.  141)  and 
66  (p.  144)  is  that  temperature  to  which  the  gases  would  rise  provided 
no  heat  were  lost  bv  conduction  or  radiation  until  combustion  had 
ceased,  0.24  being  used  as  the  specific  heat  of  the  gases  at  all  tem- 
peratures. However,  these  conditions  never  exist  in  practice.  A 
large  amount  of  heat  is  lost  from  the  gases  by  both  conduction  and 
radiation  before  combustion  ceases;  furthermore,  the  specific  heat 
of  the  gases  at  high  temperature  may  be  higher  than  0.24.  For 
these  reasons  the  calculated  furnace  temperature  is  much  higher  than 
that  actually  attained. 

In  order  to  obtain  a  calculated  initial  temperature  of  3,480°  F.,it 
is  necessary  to  have  an  average  of  about  12.5  per  cent  of  COj  in  the 
escaping  gases  and  to  burn  a  coal  of  about  14,000  B.  t.  u.  per  pound 
of  dry  coal.  This  temperature  is  ^bout  the  highest  that  could  be 
obtained  by  a  hand-fired  furnace.  If  it  were  possible  to  maintain 
a  completeness  of  combustion  of  100  per  cent  at  this  temperature 
the  efRciency  of  the  boiler  (72*)  would  be  76  per  cent,  which  is  the 
highest  over-all  efficiency  attainable.      (See  fig.  65.) 

PLOTTING   OF   PROBABILITY    Cl'RVES. 

Alter  having  obtained  the  values  of  furnace  and  true  boiler  effi- 
ciencies as  explained  on  pages  143-145,  the  true  boiler  efficiencies  were 
arranged  in  groups  according  to  their  values,  and  the  number  of  each 
group  was  plotted  according  to  its  magnitude  as  shown  in  the  upper 
curve  of  fig.  67,  called  the  probability  curv^e.  (See  p.  158.)  If  a 
line  be  drawn  tlirough  these  points  a  curve  results  quite  as  sjth- 
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metrical  on  both  sides  as  a  probability  curve  and  sliaped  very  much 
like  it. 

The  lower  curve  of  fip.  67  is  a  similar  plotting  of  the  number  of 
efficiency  72*  values  for  the  same  tests  fallinf;  within  each  group,  the 
cur\-e  being  drawn  through  the  jwints.  It -lacks  the  s\numetry  of 
the  upper  curve,  and  the  points  do  not  fall  so  near  the  jieak.  The 
symmetn,-  of  the  upper  curve  and  its  similarity  to  a  mathematical 
probability  curve  suggest  that  the  true  boiler  efficiency  (E,)  ia  much 
more  nearly  constant  than  efficiency  72*,  ami  that  the  attempt 
made  to  find  a  constant  true  boiler  efficiency  is  along  the  right  track. 
But  the  curves  of  fig.  66,  discusseil  on  page  143,  show  that  this 
"constant"  true  boiler  eiEciency  is  subject  to  variations  when  capacity 


ami  furnace  temperature  are  change<l,  althougli  they  are  compara- 
tively slight.  By  referring  tu  the  upper  cur^-e  of  fig.  67,  it  will  he 
seen  that  most  of  the  tests  fall  between  77  and  S7  jier  cent,  tlie  greater 
number  being  close  to  83.7  per  cent,  the  position  of  the  peak.  This 
means  that  under  average  conditions  the  boilers  at  the  fuel-testing 
plant  will  absorb  about  83.7  per  cent  of  the  heat  available  to  them. 

The  meaning  of  constant-capat^ity  cur\'es  for  boiler  efficiency  (E5) 
could  perhaps  be  ma<le  plainer  by  taking  from  the  chart  (fig.  65, 
p.  141)  four  specific  examples: 

Example  1.  Taking  the  furnace  tem|>erature  at  2,.500°  F.,  and  mov- 
ing from  left  to  right  on  the  chart,  we  cut  lines  of  liigher  capacity  and 
lower  boiler  efficiency  (Ej);  with  a  capac'vVy  wwTfc&^fe  ^owiivs  s.^  Vi.'-i 
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per  cent,  the  boiler  efficiency  drops  from  71  to  67  per  cent.  Inas- 
much as  the  furnace  temperature  remains  constant  the  quantity  of 
heat  received  bA^  the  lower  row  of  tubes  by  conduction  through  the 
encircling  tiles  and  l)y  radiation  from  the  hot  brickwork  is  perhaps 
the  same.  Therefore  the  decrease  in  boiler  efficienc^^  must  be  charged 
to  the  tubes  which  are  farther  from  the  furnace  and  receive  their 
heat  from  the  gases  by  convection  and  conduction. 

A  possible  explanation  of  lower  boiler  efficiencies  with  higher 
capacities  is  that  a  steeper  temperature  gradient  is  required  to  trans- 
mit more  heat  through  the  soot,  metal,  and  scale.  There  is  also  a 
thicker  layer  of  steam  bubbles  on  the  heating  surface,  which  increases 
the  resistance  to  the  passage  of  heat.  These  effects  cause  the  flue 
gases  to  leave  the  heating  surface  of  the  boiler  at  higher  temperatures 
as  the  capacity  increases. 

Example  2.  Using  the  scale  at  the  foot  of  the  chart  and  following 
the  line  of  15,000  pounds  of  gas  passing  over  the  heating  surface  per 
hour,  we  find  that  with  a  calculated  furnace  temperature  of  2,100^ 
F.  the  boiler  efficiency  (Eg)  is  about  67  per  cent  and  the  capacity 
about  70  per  cent.  Moving  vertically  upward  the  pounds  of  air 
must  be  slightly  reduced  and  more  coal  burned  in  order  to  obtain 
liigher  furnace  temperature  and  at  the  same  time  keep  the  pounds 
of  gas  per  hour  constant.  By  doing  this  more  heat  becomes  avail- 
able for  raising  the  temperature  of  the  gases,  as  shown  by  the  ordinate 
on  the  right  of  the  chart.  At  a  furnace  temperature  of  3,300°  F., 
the  capacity  is  130  per  cent  and  the  boiler  efficiency  (E5)  75  per  cent, 
an  increase  of  8  per  cent  over  the  efficiency  with  a  temperature  of 
2,100°  F. 

Example  3.  Taking  the  curve  of  100  per  cent  rated  capacity  we 
find  that  rated  capacity  can  l)e  obtamed  with  many  conditions. 
The  first  extreme  is  with  a  furnace  temperature  of  2,100°  F.,  when 
passing  21,000  pounds  of  gas  tlirough  the  boiler  per  hour;  obtaining 
a  boiler  efficiency  (E^)  of  64  per  cent.  The  second  extreme  is  with 
a  furnace  temperature  of  about  3,500°  F.,  and  a  boiler  efficiency  of 
76  per  cent,  when  passing  about  11,000  pound  of  gas  through  the 
boiler  per  hour. 

Example  4.  A  boiler  efficiency  of  70  per  cent  can  be  attained  under 
many  conditions.  The  lowest  temperature  on  the  chart  with  w^hich 
this  efficiency  can  be  obtained  is  2,400°  F.  at  a  capacity  of  70  per  cent, 
wlien  passing  about  12, ()()()  ])()unds  of  gas  through  the  boiler  per  hour. 
In  order  to  maintain  this  higli  efliciency  when  working  at  130  per  cent 
of  rated  capacity,  it  is  necessary  to  increase  the  furnace  tempera- 
ture to  2,800°  F.  by  burning  more  coal  with  decreased  air  supply. 

The  curA'es  of  fig.  66  (p.  144)  difTer  from  those  of  fig.  65  (p.  141)  in 
that  true  boiler  eflicliMicv  (E/)  is  used  instead  of  boiler  efficiency-  (E5). 
The  true  boiler  elTicieney  \s\>v\^v>v\  owtlv^  heat  available  to  the  boiler, 
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considering  only  that  part  of  the  heat  in  the  gases  as  available  which 
is  above  the  temperature  of  the  steam.  If  the  steam  and  water  in 
the  boiler  were  at  atmospheric  temperature,  the  two  efficiencies,  E^ 
and  E^,  would  be  the  same;  but  as  the  temperature  of  the  water  in 
the  boilers  is  always  from  150°  to  200°  F.  above  the  atmospheric 
temperature  less  heat  is  available  for  the  boiler. 

The  general  significance  of  the  chart  is  (1)  that  true  boiler  effi- 
ciency increases  mth  initial  temperature,  perhaps  because  an  increas- 
ing amount  of  heat  is  absorbed  by  the  lower  row  of  tubes  on  account 
of  conduction  through  the  encircling  tiles  and  of  radiation  on 
them,  where  they  are  bare  in  the  rear,  from  the  brickwork  of  the 
combustion  chamber,  and  also  because  the  higher  temperature  of  the 
gases  causes  a  steeper  temperature  gradient  through  the  soot,  metal^ 
and  scale,  so  as  to  cause  a  higher  rate  of  flow  of  heat.  All  these 
causes  are  apart  from  the  simplest  statement  of  Perry's  suggested 
theory  of  constant  true  boiler  efficiency  ^and  are  modifying  factors  of 
it  in  practice.  The  further  general  significance  of  this  chart  is  (2) 
that  at  the  same  initial  temperature  the  true  boiler  efficiency 
decreases  as  the  mass  of  gases  passed  over  the  heating  surface 
increases — that  is,  as  the  capacity  increases.  The  explanation  of  the 
fact  that  the  true  boiler  efficiency  (E^)  is  lower  with  these  conditions 
is  that  inasmuch  as  capacity  is  proportional  to  the  rate  of  heat 
absorption  by  the  boiler  the  temperature  difference  between  the 
water  in  the  boiler  and  the  first  layer  of  gases  on  the  outside  must  be 
greater  in  order  that  more  heat  be  transmitted  into  the  w  ater  in  the 
same  length  of  time.  This  increase  in  the  temperature  gradient 
causes  the  gases  to  leave  the  heating  surface  of  the  boiler  at  a  higher 
temperature  than  in  the  cases  of  low  capacity.  The  efficiency  range 
of  this  chart  is  not  very  laige — only  from  77  to  85  per  cent — and  few 
points  are  near  the  extremes. 

MI8CTi:iiT.AXEOU8. 

SELIABILITT   OF   OBSERVATIONS   AND   BATA. 

The  following  remarks  are  given  to  facilitate  the  utilization  of  the 
actual  data  of  the  tests  which  are  discussed  in  this  volume: 

Item  2:  Duration  of  trial.  This  it(Mn  is  important  for  its  effect  on  the  water  level 
in  the  boiler,  which  is  easily  changed  several  inches  by  opening  or  closing  the  steam, 
valve,  or  by  starting  or  stopping  a  large  engine.  Perhaps  the  usual  error  on  this- 
account  was  a  fraction  of  1  per  cent  of  the  evaix)rati{»n.  The  item  also  enters  into- 
the  errors  of  estimating  the  amount  of  fuel  on  the  grate  at  starting  and  stopping.  This 
estimating  was  always  done  with  care,  but  the  error  on  ten-hour  tests  may  have  been 
sometimes  as  much  as  1  per  cent  of  the  coal  burned,  especially  if  the  amount  was. 
small.  As  regards  the  fuel,  when  estimating  accuracy,  the  real  question  is,  How^ 
much  coal  was  burned?  not.  How  long  did  the  test  last? 

Item  3:  Grate  surface,  square  feet.  Boiler  No.  1  was  equipped  with  a  plain  gratCv 
having  an  area  of  40.55  square  feet.     Boiler  No.  2  vraa  e^\M\^^^'^'\\^a.'d»^^^^N^"^Os.-- 
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ing  grate,  having  an  area  of  36.4  square  foot.  These  areas  were  maintained  constant 
during  the  1905  tests. 

Item  11:  Ban^metor.  inrhw  of  mercury.  This  observation  was  always  obtained 
from  the  Weather  Bur«*au.  and  n(^  correction  was  made  for  difference  in  elevation 
between  the  \V(»athor  Bun-au  station  and  the  fuel-testing  plant,  which  was  only  a  few 
feet. 

Item  11.1:  Steam  piv.-jsure.  This  reading  was  sometimes  taken  from  a  calibrated 
steam  gage  and  sometinK's  from  a  recording-instrument  chart.  It  is  correct  within  a 
pound. 

Items  12  and  13:  Draft  reading>.     Tliese  readings  are  accurate  to  0.02  inch. 

Item  16:  Temp(»raturo  of  IirenM)ni.     Correct  within  29. 

Item  17:  Temperature  of  st^'arn,  calculated. 

Item  18:  Correct  unless  otherwise  noted. 

Item  20:  Correct  unless  otherwisi*  noted. 

Item  21:  Generally  low,  owing  to  air  leakage,  and  apt  to  be  in  error  in  extreme 
instances,  as  much  as  100°  F.,  this  error  being  the  aggregate  of  the  thermometer  error 
and  the  greater  error  due  to  the  difficulty  of  obtaining  a  true  average  temperature  in 
the  stack  by  the  use  of  a  singh*  thermometer.  Large  errors  are  noted  in  their  respective 
tests. 

Item  21.1:  Averages  temperature  of  furnace.  Read  by  means  of  a  Wanner  optical 
pyrometer.  All  observations  were  made  l(;K)king  into  the  combustion  chamber,  about 
2  feet  from  the  rear  end.  I  foot  below  the  tile  roof.  When  looking  at  flame,  as  was  gen- 
erally the  case,  the  indications  were  perhaps  well  within  200°  F.  of  the  right  value, 
generally  perhaps  within  100°  F.,  although  this  is  merely  an  estimate  based  on  circum- 
stantial evidence.  In  the  a))scnce  of  flame,  light  was  received  from  the  opposite  wall, 
which  was  plainly  cooler  than  the  gases,  as  was  e\'ident  on  comparing  it  by  eye  with  the 
tile  ro(jf  near  by;  and  even  this  latter  was  cooler  than  the  gases  which  heated  it, 
because  heat  was  constantly  passing  upward  through  the  tile  into  the  water  tubes. 
How  much  too  low  such  readings  are  is  only  a  guess — perhaps  100°  to  200°  F.  In  gen- 
eral, the  tests  on  coals  liigli  in  "fixed  carbon"  have  combustion-chamber  temperatures 
too  low. 

Item  28:  Total  weight  of  ;usli  and  refuse.  Refuse  was  taken  to  mean  everN-thing 
which  fell  through  the  <jrale  plus  the  a.^h  and  clinker  pulled  out  of  the  furnace  during 
<'leaning  of  fire.  It  is  notewortliy  that  the  weight  of  earthy  matter  in  the  refuse  from 
a  test  is  usually  15  or  20  T)er  c^ent  short  of  the  amount  that  the  chemical  analysis  indi- 
cates;  the  differeiKM'  undoubtedly  goes  oyer  int(^  the  combustion  chamber  and  up  the 
stack. 

Item  32:  Fixed  carbon  of  proximate  analysis. 

Item  33:  Volatile  matter  of  proximate  analysis. 

The  prece(linf2:  two  items  are  based  on  arbitrary  methods  of  driving  off  the  so-called 
•'volatile  matter"  and  weighing  tin;  remainder  to  get  ash  and  fixed  carbon.  By 
A'arying  tlu^  standard  of  conditions  under  which  the  distillati(m  is  effected  very  differ- 
€»nt  results  c-an  he  obtained,  and  thus  it  may  l)e  seen  that  care  should  be  exercised 
in  deducin^j^  results  of  i)ructical  trials  from  the  purely  arbitrary  results  obtained  from 
proximate  analyses  of  <hy  or  moist  coal.  A  greater  number  of  ultimate  analyses 
^should  customarily  be  made,  inasmuch  as  they  furnish  absolute  data.  Coal  molecules 
are  probably  comidex,  and  although  little  is  known  on  the  subject  it  is  likely  that  the 
product*s  and  ey(  n  the  amounts  of  products  of  destructive  distillation  varj'  widely 
with  tile  method  followed,  as  to  temperature,  rapidity  of  heating,  etc. 

Item  34:  Percentage  of  moisture  in  coal.  This  item  is  uncertain  at  best.  It  is 
probal)le  tliat  on  warm,  dry,  and  windy  days  the  coal  lost  some  moisture  while  being 
<juartered  on  the  fl<K)r  of  tlii^  l)oiler  room,  so  that  the  coal  fired  was  really  lower  in 
heating  value  than  the  chemical  analysis  indicates. 

Items  37,  38,  39,  40,  41.  and  42:  Ultimate  analysis  of  dry  coal.  Furnished  by  the 
chemical  division. 
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Items  50  and  51:  Furnished  by  tlie  chemical  division.  These  items  were  used  in 
test  calculations  in  preference  (o  items  52  and  53. 

llpniB  54  and  56:  These  iteias  are  untrustworthy  in  these  letttn;  concordant  results 
were  never  obtainml.  All  the  investigational  work  done  on  the  matter  jKiintwl  to  the 
possibility  that  cddiisi  vitiated  the  readings,  bccaiise  the  vertical  section  ot  pipe  in 
ivhich  the  sampling  nipples  were  placed  was  only  2  teut  long-  These  items  are  prob- 
ably nut  reliable  within  50  per  cent  of  the  values  given. 

Ilecn  77:  Percentage  of  smoke.     Dense  black  (so  estimated)  taken  as  100  per  cent. 

Item  81:  Average  thickness  of  fire.  O^ly  approximate,  because  of  difficuUice  of 
measurement  when  flame  is  present.     It  also  varies  with  the  persona!  eijuation  nt  the 

Keras  84, 8a,  8G,  87,  and  83:  These  items  are  somewhat  in  orror,  (twing  to  air  dilution. 

Heat  balance:  Items  2  and  H,  very  nearly  correct;  item  4,  usually  doubtful,  owing 
1,1  inaccurate  Hue-gas  temperatures;  item  5,  only  approximate;  item  6,  doubtful — 
results  of  our  leets  show  that  the  unaccounted-for  loss  and  the  flue-gas  loss  up  the 
Rtack  take  and  give  reciprocally.    {See  fig.  35,  p.  63.) 

The  chart  shown  in  fig.  C8  indicates  that  in  general  terms  the  unaccounlcd-for  heat 
n  percentage  with  the  loss  due  to  CO. 
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Fio.  «8.— RdstEon  o[  unaocounled-for  loss  to  CO  toss  (lests  groupec]  on  baiUs  of  p«t  cent  ol  CO  loss). 
COXFUTATIONS  OF  A  STEAKIHO  TEST. 

The  data  necessary  for  complete  results  of  a  steaming  test  come 
from  three  sources:  (1)  The  boiler  room,  (2)  the  chemical  laboratory, 
and  (3)  the  United  States  Weather  Bureau. 

After  a  coa!  has  been  tested,  from  ten  days  to  two  weeks  are  required 
for  the  chemical  work  to  be  completed  before  definite  results  are 
laiown.  The  state  of  weather,  the  barometric  pressure,  and  the 
relative  humidity  for  the  day  of  the  test  are  obtained  from  the 
Weather  Bureau. 

The  computed  results  given  in  this  report  have  been  calculated 
according  to  the  methods  indicated  in  the  A.  S.  M.  E.  code  for  making 
boiler  trials.  However,  it  has  been  thought  advisable  to  explain 
liow  several  of  the  items  were  obtained  or  determined,  and  in  doing 
(his,  for  brevity,  code  numbers  will  be  used. 

Item  23:  See  explanation   under  "  Average  diameter  of  coal,"  p.  45. 

Item27=item  25X(100-item  34). 

Item  28=total  ash  and  refuse  from  test.    Thiaiiic\vi4ea\kftct«!i,Vci\0iiS5Sia'Co5(s<a|p. 
the  grate. 
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Item  29:  In  most  tests  the  ash  which  was  pulled  from  the  grate  when  cleaning  fir«j 
was  called  clinker  unless  the  ash  which  formed  on  the  grate  was  all  free  aah.  Then 
the  per  cent  of  clinker  is  this  weight  figured  as  a  percentage  of  item  28. 

Item  30=item  27— item  28. 

Item  30*=item  25X(item  324-item  33)— (item  28Xitem  44). 

Item  31=item  28-^item  27. 

Item  32a=item  32-*-(item  32-|-item  33). 

Item  33a=item  33-i-(item  32-|-item  33). 

Items  37a,  38a,  39a,  40a,  41a  are  determined  by  dividing  items  37,  38,  39,  40,  and 
41  by  (100-item  42). 

Item  46=item  27-j-item  2. 

Item  47= item  30-s-item  2. 

Item  47*=item  30*-^-item  2. 

Item  48= item  46-4- item  3. 

Item  49=item  47-i-(item  7=2,031). 

Item  49*=item  47*-5-(item  7=2,031). 

Item  51=item  50-i-(  100— item  42). 

Item  54,  obtained  by  separating  calorimeter. 

Item  56,  "quality  of  steam,"  found  by  subtracting  item  54  from  100.  In  boiler 
use  this  value  must  be  corrected,  and  it  is  the  corrected  value  that  we  have  used  for 
this  item. 

Extract  from  the  A.  S.  M.  E.  code  for  making  boiler  trials:  "The  factor  of  correc- 
tion for  quality  of  steam  in  a  boiler  test  differs  from  the  quality  itself  from  the  fact 
that  the  temperature  of  the  feed  water  is  lower  than  that  of  steam."  In  using  quality 
of  steam,  as  given  by  the  calorimeter,  therefore  we  lose  the  heat  required  to  raise 
the  temperature  of  the  moisture  in  steam  to  steam  temperature.  The  method  of 
determining  the  factor  of  correction  for  quality  of  steam  is  given  below: 

Q=quality  of  moist  steam  as  given  by  calorimeter. 

P=the  proportion  of  moisture  in  steam. 

F=the  factor  of  correction  for  the  quality  of  the  steam  when  the  steam  is  moist. 

H=the  total  heat  of  the  steam  due  to  the  steam  pressure. 

Ti=the  total  heat  in  the  water  at  the  temperature  due  to  tlie  steam  pressure. 

Ji=the  total  heat  in  the  feed  water  due  to  the  temperature. 

Q  (H-J.)-fP  (T,-JO  _  /T,-J, 

Item  57:  This  is  corrected  for  inequality  of  water  level  and  of  steam  pressure  at 
beginning  and  end  of  test. 

Item  60=Q/,r  "  '  in  which  II  and  h  arc%  respectively,  the  total  heat  in  steam  of  the 

average  ()))served  pressure,  and  in  water  of  the  average  observed  temperature  of  the 
feed.  The  difference  between  H  and  h  gives  the  heat  absorbed.  The  965.7  is  the 
heat  of  vaporization  at  212°  F.  Dividing  II— h  l)y  965.7,  we  obtain  a  factor  which 
we  can  use  as  a  multiplier  to  reduce  pounds  of  water  fed  to  boiler  to  pounds  of  ecjuiva- 
lent  water. 

Item  61  =  item  57Xitcm  56Xitem  60. 

Item  65= item  ()3-j-34.5  (34.5  pounds  water  evaporated  per  hour  into  dry  steam  fn^ra 
and  at  212°,  equals  1  l)oiler  horsepower). 

Item  68= item  57-5-item  25. 

Item  69  =  item  61^-item  25. 

Item  70= item  61-^-ilem  27. 

Item  71  =  item  61-7-item  30. 

Item  71* --item  61-f-item  30*. 

Item  72=item  7lX965.7-f-item  51.  This  is  the  efficiency  of  the  furnace  and  boiler 
combined,  iigured  from  pounds  ol  combustvl)le  apparently  ascending  from  the  grate. 
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Item  72*= item  71*X965.7-*-item  51.  This  is  the  efficiency  of  the  furnace  and  boiler 
combined,  figured  from  pounds  of  combustible  actually  ascending  from  the  grate. 

Item  73= item  70x965.7-s-item  50.  This  is  the  efficiency  of  the  furnace,  boiler,  and 
grate.     It  is  usually  styled  over-all  efficiency. 

Item  77:  Smoke  readings  were  taken  by  using  the  Ringelmann  charts.  To  obtain 
this  item  the  sum  of  the  readings  was  multiplied  by  20  and  this  result  divided  by  the 
total  number  of  readings. 

Item  81:  Estimated  by  expert  in  charge  of  fire. 

Item  82:  The  fire  was  considered  to  be  in  normal  condition  from  the  start  of  the 
test  until  the  close,  except  during  cleanings.  The  time  for  cleaning  is  subtracted 
from  the  length  of  the  test  and  the  result  divided  by  the  nimiber  of  firings. 

Item  83:  This  is  the  interval  between  raking,  slicing,  and  cleaning  the  fire. 

The  following  items  are  from  the  heat  balance  or  distribution  of  the  heating  value 
of  the  combustible: 

Total  heat  value  of  1  pound  of  ''combustible,"  B.  t.  u.— item  51. 

Item  l=item  71*X965.7  (evaporation  from  and  at  212°  F.  per  pound  of  "combustible'-'* 
ascending  from  the  grateX965.7). 

Item  2=item  34-^-(item  32+item  33)-i-100X[(212-t)+965.7-f0.48  (T-212)].  This 
operation  consists  in  referring  the  moisture  to  "combustible,"  raising  the  temperature 
to  212°  F.,  evaporating  it,  and  then  superheating  to  stack  temperature.  The  specific 
heat  of  superheated  steam  was  taken  as  0.48.  t= temperature  of  air  in  the  lx)iler 
room,  T=temperature  of  the  flue  gases. 

Item  3=item  38a^l00X9X[(212-t)-f965.7-|-0.48  (T-212)].     This  operation  as- 
sumes  all  the  hydrogen  burned  to  water.     The  temperature  of  the  water  is  raised  to 
212°  F.  and  the  water  is  evaporated  and  then  superheated  to  stack  temperature. 
,     llXitem  84-f  8Xitem  85-f  7  (item  86-f  item  88)    item 37a 

Item  4-  3  (item  844-item  86)  ^     100    •X0.24X(T-t), 

t=temperature  of  air  in  boiler  room;  T=temperature  of  the  flue  gases.     The  above 

operation  consists  in  figuring  the  pounds  of  dry  chimney  gases  per  pound  of  carbon ;  this 

value,  multiplied  by  the  per  cent  of  total  carbon  in  the  combustible,  gives  pounds  of 

dry  chimney  gas  per  pound  of  combustible;  this  number  of  pounds  of  gas  is  then 

heated  from  the  temperature  of  inside  air  to  stack  temperature  at  a  constant  specific 

heat  of  0.24. 

item  37a 
Item5=item  86-4-(item  84-f  item  86)X — jqq — Xl0,150.     The  quantity  10,150  ia 

the  number  of  B.  t.  u.  generated  by  ])urning  to  carbonic  acid  1  pound  of  carbon  con^ 
tained  in  carbonic  oxide. 
Item  6=100— (items  1+2+3+4-f  5). 

BI880CIATI0N  CIIBVES  OF  CARBON  DIOXIDE  AND  WATER  VAPOR. 

The  curves  of  fig.  69  are  probably  self-explanatory.  It  should  be 
stated  that  the  data  were  experimentally  obtained  and  calculated 
in  1905  or  1906  by  Professors  Nemst  and  Wartenberg,  two  men  of 
the  highest  competency.  As  an  example,  using  curve  No.  1,  0.051 
'  per  cent  of  water  vapor  (about  0.05  per  cent)  at  atmospheric  pres- 
sure is  dissociated  into  hydrogen  and  oxygen.  These  data  are 
probably  the  most  reliable  extant.  They  indicate  that  many  fears 
heretofore  widely  held,  as  to  limitations  in  high-temperature  work 
due  to  dissociation,  are  almost  groundless. 

It  will  be  noticed  that  the  per  cent  dissociation  of  COj  increases 
more  sharply  at  about  1,300°  C.  than  anywhere  else.  On  referring 
to  fig.  14  (p.  23),  giving  the  percentage  oi  CO  «l^  «b  ixmaXAors^  <^^^  ^<^ts^- 


154 


L   STUDY   OF   FOUE  HUNDRED   STEAMING   TESTS. 


buation-chamber  temperature,  it  will  be  noticed  that  the  sharpest 
curvature  of  the  CO  curve  is  at  about  2,600°  F.  (about  1,420°  C), 
which  is  not  far  from  1,300°  C. 

Now  comt's  in  the  vital  factor  uf  furnace  practice.     In  order  to 
get  liigher  temperatures  the  air  supply  must  be  reduced;  and  less 


oxyi;eii  mt-aiis  ]ioon'r  combustion,  us  tiiscussed  under  "Mass  action' 
(p.  170).  Thus  liifrh  tempcnituri's  lire  associated  with  incomplete- 
ness of  combustion,  shown  in  figs.  14  (p.  23)  and  31  (p.  51). 

WATEB-JACXETED  OAS  SAHPLEK. 

Fiff.  15  (p.  :;4)  shows  n  water-jacketed  gas  sampler,  consisting  of 
a  l)-inch  pipe  closed  iit  each  end  with  a  cap  and  two  J-inch  pipes. 
The  gus  is  drawn  (lirougli  one  <)f  the  J-inch  pipes,  which  passes 
flu-ough  both  the  caps  as  indicated  in  the  figure.  The  other  J-incii 
pipe  brings  cold  water  into  the  lai^e  pipe.  The  l-inch  nipple,  fitted 
into  the  same  end  of  tlie  large  pipe  as  that  at  which  tlie  water  enters, 
serves  as  a  water  outlet.  The  \\ator  used  for  cooling  the  sampler  is 
obtained  from  the  city  mains.  The  onlj'  difficulty  ever  experienced 
in  the  use  of  the  sampler  was  when  the  city  pressure  was  suddenly 
reduced. 

Piobablj  the  gas  drawn  through  this  sampler  would  be  more 
truly  repn'sentative  of  the  actual  composition  of  the  hot  gases  in 
the  furnace  if  the  opening  iroTU  iVve  ^tivaie  into  the  water-jacketed 
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passage  were  smaller.  The  internal  diameter  of  a  }-inch  i>ipe  is 
about  three-ei2;hths  of  an  inch.  Probably  it  would  be  better  to  use 
a  brass  pipe  of  verj' small  bore,  say  J-inch.  The  object  of  having  the 
gases  enter  a  small-bore  pipe  would  be  to  cool  them  suddenly  so  as  to 
permit  no  combustion  while  they  were  being  cooled.  Still  it  is  not 
likely  that  any  serious  error  is  introduced  by  using  pipe  of  |-inch  bore. 

C0MPABI80H  OP  BEADnTOB  OF  CEBTAIN  OAS  SAMPLEBB. 
Fig.  70  shows  the  results  of  using  simultaneously  the  code  "multi- 
tubular sampler"  at  the  base  of  the  stack  and  a  single  small  pipe  a 
few  inches  above  it,  reaching  across  the  stack  base,  and  perforated 
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Fia    0 —Comparison  ot  readings  of  multitubular giia  sampler  (I  rokrnlin  1  an]  o[  single  tube  In  atack 


with  several  small  holes  at  intervals.  It  will  be  noticed  that  the 
multitubular  sampler  gave  a  more  even  line,  on  account  of  its  con- 
taining a  large  storage  space;  the  daily  average  for  the  two  was 
the  same  within  O.I  per  cent.  But  this  excellent  showing  with  the 
multitubular  sampler  was  obtained  only  by  constant  care  of  it,  for 
it  gave  a  great  deal  of  trouble  from  leakage. 

.  The  current  of  gas  through  the  small  sampling  tubes  is  too  slow, 
so  that  the  soot  and  small  particles  of  ash  settle  in  them  and  harden, 
thus  gradually  stopping  the  openings.  Tubes  used  in  sampling 
from  streams  of  gas  carrj'ing  the  most  soot  and  ash  become  stopped 
sooner  than  others.  Thus  the  multitubular  sampler  loses  the  appa- 
i-ent  advantage,  which  led  to  its  design,  of  dta.N.\\i^  «.  ^■KKs^'a  ^x^stfiv 
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every  portion  of  cross  section  of  the  gas  passage,  and  thereby  loses 
also  its  value  as  a  flue-gas  sampler.  It  may  be  stated  here  that 
when  the  sampler  was  taken  out,  after  two  years  of  usage,  about 
three-fourths  of  the  sampling  tubes  were  found  to  be  stopped  up, 
although  the  sampler  had  been  often  blown  out  with  steam.  Its 
worst  disadvantage  lay  in  its  leveling  all  readings  considerably,  so 
that  the  man  running  the  fire  could  not  depend  on  it  for  guidance  so 
much  as  the  single-tube  sampler.  For  these  reasons  the  A.  S.  M.  E. 
multitubular  sampler  was  permanently  discarded. 

The  above-described  faults  of  the  multitubular  sampler  would  not 
be  so  serious  when  using  coals  high  in  ''fixed  carbon.' ' 

FLUE-0A8  SAMPLES. 

Fig.  71  shows  a  design  of  a  different  form  of  flue-gas  sampler  which 
has  been  installed  at  the  fuel-testing  plant.  The  purpose  of  this 
design  of  collector  is  to  obtain  gas  from  various  portions  of  the  stack 
and  mix  it  before  its  temperature  is  taken  and  a  sample  drawn  for 
analysis.  This  sampler  is  built  of  No.  16  sheet  iron,  and  consists  of 
a  cylinder  5  inches  in  diameter  to  which  are  connected,  by  means  of 
a  double  cone-shaped  body,  six  scoops  making  an  angle  of  45®  with 
the  axis  of  the  cylinder.  The  area  of  the  cross  section  of  these 
scoops  is  2.25  by  3  inches.  In  the  bottom  of  each  of  the  scoops  is 
an  opening  which  diminishes  in  width  toward  the  center  of  the  sam- 
pler, making  the  opening  proportional  at  all  points  to  the  respective 
distances  of  the  points  from  the  center.  The  openings  are  shown  in 
the  bottom  view  of  the  sampler  (fig.  71).  The  sampler  is  placed  in 
the  round  portion  of  the  stack  about  2  feet  below  the  damper,  the 
ends  of  the  scoops  being  about  4  inches  above  the  top  of  the  hood. 
The  largest  diameter  across  the  scoops  is  about  6  inches  smaller  than 
the  diameter  of  the  stack. 

The  sample  of  gas  is  drawn  through  a  J-inch  pipe,  the  end  of  which 
is  inserted  to  the  center  of  the  5-inch  cylinder,  as  shown.  The  bulb 
of  a  flue-gas  thermoineter  is  also  placed  at  the  center  of  the  cj^linder 
near  the  J-inch  pij)e,  so  that  the  temperature  of  the  flue  gas  and  the 
sample  of  gas  for  analysis  are  taken  at  the  same  place.  It  is  ver}' 
probable  that  by  this  design  of  the  sampler  and  location  of  the  ther- 
mometer and  sampling  tube  the  average  temperature  and  composition 
of  the  flue  gas  are  obtained.  To  prevent  the  cooling  of  the  gases  by 
radiation  after  they  have  left  the  heating  surface  of  the  boiler  the 
base  of  the  stack  was  covered  with  asbestos.  On  close  examination 
at  the  end  of  five  months'  constant  use  this  sampler  was  found  in  per- 
fect order  in  every  respect  and  free  from  soot,  both  inside  and  out. 

UNACCOUNTED-FOR  PERCENTAGES  PROBABLT  TOO  HIGH. 

Of  late  years  the  opinion  has  been  gaining  ground  that  all  gases 
increase  in  specific  heat  a^^  \\\e\T  \^w\ve\^VA\\^'$»  ^x^  i:«L\sed.     If  this  is 


UNACCOUNTED-FOR   PERCENTAGES   PROBABLY   TOO   HIGH.       157 

true,  more  heat  is  lost  up  the  flue  than  has  heeu  calculated  on  the 
basis  that  the  specific  heats  of  dn'  flue  gases  and  steam  were  respec- 
tively constant  at  0.24  and  0.48  under  constant  pressure. 

If  we  assume,  for  instance,  that  the  data  given  in  E.  Damour's 
Industrial  Furnaces  are  correct,  at  an  average  flue  temperature  of 
662°  F.  (350°  C.)  the  true  amount  of  lieat  lost  up  the  flue  was  roughly 


5  per  cent  more  than  the  amount  r^ularly  calculated — about  1  per 
cent  of  the  licating  value  of  the  fuel.  This  loss  would  be  subtracted 
directly  from  the  unaccoimted-for  heat :  for  instance,  if  the  latter  is 
given  as  15  percent  it  may  really  be  about  14  percent.  Butmc«ti.- 
sideration  of  tlie  fact  that  in  the  laaX  lew  xea.Ts  XAVXa  -«a^V%&^t>««^ 
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done  by  physicists  on  the  specific  heats  of  gases  at  high  temperatures 
the  values  given  by  Pamour  are  probably  not  final,  and  so  the  calcu- 
lations liere  given  are  subject  to  withdrawal. 

FBOBABILITT  CUKTEB. 

It  is  stated  on  pages  132  and  146  that  when  the  calculated  values  of 
certain  "constants"  sought  for  arc  plotted  according  to  the  number 
of  constants  falling  in  each  narrow  group  the  free-hand  curve  drawn 
through  the  points  resembles 
a  probability  curve,  and  the 
peak  is  at  a  certain  value  of 
the  constant.  This  relation 
makes  it  probable  that  the 
true  value  of  the  constant  is 
the  peak  value,  especially  if 
the  curve  is  narrow  and 
symmetrical  on  the  two  sides 
and  if  the  arithmetical  av- 
erage of  all  the  points  falls 
close  to  the  peak  of  the 
curve.  Perhaps  the  explana- 
tion can  be  best  stated  by 
reference  to  fig.  72. 

When  shot  are  dropped 
into  the  fimnel  they  ought 
to  fall  into'a  vertical  colunm 
the  ^\ldth  of  the  funnel,  biit 
the}  Mill  actuallyspread  out, 
owing  to  obstructions.  The 
cur^e  drawn  through  the 
tops  of  the  piles  is  a  proba- 
bility curve. 

If  a  man  were  measuring 
a  length  carefully  (as  with  a 
tape  or  with  a  micrometer), 
while  very  few  of  his  read- 
ings would  coincide  if  a  lar^e 
number  of  readings  were 
used,  the  arithmetical  aver- 
age w  ould  be  closely  correct. 
If  all  hi'i  reading.s  were 
sorted  according  to  lengths 
as  read  and  plotted  with  the 
vertical  ordinale  as  the  number  of  reailing.s  falling  in  each  group  and 
the  horizontnl  ordinate  as  the  average  length  of  the  readings  in  the 
groupa  a  curve  would  r«su\\,  \nwG\v  XvNsa  w.  ■^xQW'o^'aVi  oirve.    But 
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suppose  it  was  questionable  whether  or  not  the  measured  object 
changed  length  in  unknown  ways,  if  many  measurements  were  taken 
the  width  of  the  curve  would  give  a  clew  as  to  whether  or  not  there 
really  was  any  constant  length.  If  a  large  number  of  readings  formed 
a  curve  close  to  a  theoretical  probability  curve  the  presumption  of 
constant  length  would  be  nearly  justifiable. 

Perhaps  the  best  treatment  of  this  subject  for  engineers  is  in  J.  W, 
Mellor's  Higher  Mathematics  for  Students  of  Chemistry  and  Physics, 
a  very  helpful  book  to  the  chemical  engineer. 

The  equation  to  this  curve  is 

in  which  y  =  height  of  vertical  ordinate  at  any  point. 

X  =  horizontal  distance  of  any  point  on  the  curve  from  the 

center  line  passing  up  and  down  through  the  peak. 
6  =  base  of  h3rperboUc  system  of  logarithms,  =  2.7183. 
h  =  a  constant  for  each  curve,  which  determines  its  mdth; 
the  larger  h  the  narrower  the  curve,  and  hence  the 
more  reliable  as  an  indicator  of  the  probable  value 
sought. 
k  =  a  constant  for  each  curve,  determining  its  height. 
The  boiler  division  has  plotted  a  number  of  curves  of  this  equation, 
one  or  another  of  which  is  used  to  fit  over  any  curve  to  which  it  bears 
a  strong  resemblance.     But  even  if  the  fit  is  perfect  no  more  is  proved 
than  that  there  is  a  strong  probability  that  the  figure  sought  is  con- 
stant at  the  peak  value.     However,  even  this  use  of  the  equation  and 
curves  will  serve  to  indicate  whether  a  guess  is  along  the  right  path, 
and  in  this  way  their  use  is  sure  to  increase  when  they  are  generally 
known  among  engineers. 

BELATIOK  OF  TEMPERATLBE  OF  PB0DUCT8  OF  C0MBU8TI0K  TO  P0XTKD8  OF  AIB 

USED. 

Fig.  73  was  prepared  as  a  graphic  illustration  to  show  the  different 
comparative  temperature  elevations  attainable  by  completely  burn- 
ing various  fuels,  on  the  assumption  that  the  specific  heats  of  gases  at 
constant  pressure  do  not  change  with  increase  of  temperature.  It  was 
thought  that  this  assumption  was  wrong,  but  in  the  absence  of  more 
definite  values  it  was  decided  to  use  constants.  The  general  effect  of 
this  assumption  is  probably  to  make  the  temperatures  with  small  air 
excesses  too  high;  thus  all  the  curves  are  somewhat  too  steep.  In 
calculating  the  temperature  the  specific  and  latent  heat  of  moisture 
in  fuel  and  moisture  formed  by  combustion  have  been  considered. 

The  main  object  of  the  chart  is  to  show  that  some  Illinois  coals 
are  capable  of  use  in  high-temperature  work,  as  in  making  malleable- 
iron  castings.  In  fact,  by  preheating  the  air  used  for  conibustitt\s.^ 
Illinois  coals  are  now  burned  in  reverberaloTy  ^vcw^e,^^  va.  Ok\r^^'^ 
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and  St.  Louis.  The  curve  shows  that  lignites  could  be  used  with 
preheating,  especially  as  some  lignites  are  very  low  in  sulphur  and 
burn  freely  with  a  long,  hot  flame. 


CIBGOLATION  IHDICATOR. 

The  construction  of  the  circulation  indicator  is  shown  in  fig.  74, 
which  is  a  view  of  the  instrument  as  mounted  in  the  boiler.  There 
are  six  essential  parts  which  go  to  make  up  the  indicator,  as  follows: 
The  wheel  or  propeller,  the  contact  strip,  the  brush  that  rests  on  it, 
the  shaft,  tlie  supports  or  bearings  of  the  shaft,  and  the  receiving 
instrument  (wliicli  may  be  a  telephone). 

The  wheel  is  made  up  of  four  copper  blades,  secured  to  spokes  bv 
copper  rivets  and  set  at  an  angle  of  .30°  with  the  axis  of  the  shaft. 
The  spokes  are  attached  to  a  piece  of  brass  tubing  that  acts  as  a 
bub  and  also  as  a  sii|>port  for  the  contact  strip. 

The  contact  strip  is  mounted  on  an  insulating  dmm  consisting  of 
a  glass  tube  about  l\  inches  long  slipped  on  the  brass  hub,  which 
it  fits  tightly.  A  strip  of  copper  about  one-eighth  inch  wide  and 
one  thirty-second  inch  (hick  is  bound  to  the  glass  tube  with  copj>er 
wire,  and  is  oleclri<'ally  connected  to  the  hub  of  the  wheel  bv  a 
coppor-wiie  l>un<l. 
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The  brush  is  a  piece  of  watch  spring,  supported  on  a  copper  bar 
that  is  insulated  from  the  remainder  of  the  instrument  by  mica 
washers.  It  is  arranged  at  right  angles  to  the  contact  strip,  with 
its  end  resting  lightly  thereon  so  as  to  make  and  break  contact  with 
the  copper  strip  once  every  revolution  of  the  wheel.  A  copper  wire, 
that  connects  to  a  telephone  receiver  on.  the  outside  of  the  boiler 
through  a  2-volt  battery,  is  bonded  to  the  brush  support  and  insu- 
lated by  means  of  rubber  tubing  at  the  point  where  it  passes  out  of 
the  boiler  between  the  hand-hole  cover  and  the  water  leg.  The 
other  wire  from  the  telephone  receiver  is  grounded  to  the  boiler,  as 
shown.  By  using  a  low  voltage  on  the  line  the  current  is  not  short 
circuited  much  through  the  water  in  the  boiler. 


Fio.  71.— Clrculati 


The  shaft  on  which  this  instrument  turns  is  a  piece  of  brass  wire 
about  one-eighth  inch  in  diameter  and  about  IG  inches  long.  Two 
collars  attached  to  the  shaft  close  to  the  wheel,  one  on  each  side  of 
the  support,  serve  to  keep  the  shaft  from  moving  back  and  forth, 
and  one  of  them,  in  conjunction  with  a  cotter  pin  in  the  end  of  the 
shaft,  holds  the  propeller  in  place. 

One  support  for  the  shaft,  at  the  end  nearest  the  wheel,  is  a  bar 
of  brass  with  a  hole  in  the  center  for  the  shaft  and  a  slot  on  each 
end.  These  slots,  which  engage  on  the  outside  edge  of  the  boiler 
tube,  as  shown,  facilitate  the  centering  of  the  instrument  and  chang- 
ing from  one  tube  to  another.  The  other  support  for  the  slvb.'l^  N;%a. 
S400— Bull.  .'(25—07 11 
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(iluuinid  liy  drilling  u  holo  tlu-ougli  the  center  of  a  hand-hole  cover 
«n  1  aiUiiiK  11  siimll  stiiiring  box  made  from  the  gland  of  a  valve. 

In  (lie  ojH'nition  of  Ihis  instrument  the  flow  of  water  in  any  tube 
of  the  boiler  in  which  the  circulation  indicator  might  be  placed 
(-iuises  (he  wheel  to  rotate  at  a  rate  of  speed  proportional  to  the  rate 
of  How  By  ])lac.ing  the  receiver  to  1I12  ear  a  click  is  heard  for  each 
revolution,  and  one  revolution  ()f  the  indicator  means  the  pasisagc  of 
apimfxinuilely  I  foot  of  water.  As  tho  speed  of  rotation  in  all  trials 
up  to  iliii"  has  not  l)ecn  too  high  for  an  observer  to  count  the  clicks, 
no  <lini:'Mlty  wa.s  encountered  in  keeping  a  record  of  the  rate  of  flow 
in  uny  Ixiiier  tul»e  under  observation  under  varj'ing  conditions  of 
operalLon  of  the  boiler. 

Seve.  al  instruments  were  built  and  tried  before  success  was 
attained  with  this  one.  The  instrument  has  lately  been  used  to 
work  iin  automatic  counter  lliruugh  a  couple  of  telegraph  relays. 


'it 

M 


Sffl 


Wm 


Kor  inrorrnalion  obijiiiied  see  fr^s.  7  (]i.  Kit  and  7'>  and  paries  lii^l 
and  llil. 

Kig.  ',■">  sliows  llic  elTecl  of  cleuning  fires,  and  of  firing,  on  the 
speed  of  water  eii'culiitiou  in  a  tube'  of  tlie  boiler,  as  measured  reln- 
tivcly  by  llie  eireulatiori  inilicator  illustrated  in  fig.  74  and  described 
on  pagis  l(i()-2.  Tlii' circuliilion  is  prompt  in  its  changes  and  tl:;' 
values  olitiiiued  vary  eousidorably.  The  readings  were  taken  by 
recording  tin-  ruiinher  of  revnliiiioiis  in  a  fifteen-second  interval 
op|>osi((  lime  figures,  and  from  sneh  data  the  temporary  rate  in 
r-voliKlons  per  minute  was  ijilenlaled  and  jilotled  on  this  eharl. 

Tile  eurvcs  of  fig.  7  (p.  1(>)  are  based  oil  readings  taken  for  several 
<lays  wi'b  the  circulation  indicalor.  Tbe  data  from  v.-hich  the  two 
curves  V  ere  ]ilijtted  were  nbtiiiiied  by  counting  the  total  number  of 
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revolutions  of  the  indicator  for  each  half -hourly  period,  and  by 
calculating  the  percentage  of  builder's  rated  horsepower  of  boiler 
developed  for  each  such  period,  respectively.  The  small  circles  give 
the  positions  of  points  and  the  numbers  in  the  large  circles  near  by 
give  the  number  of  half -hours  fulfilling  the  coordinate  values  of  the 
points.  After  plotting,  tlie  points  were  averaged  in  value  in  both 
horizontal  and  vertical  strips,  each  point  being  included  for  averag- 
ing as  many  times  as  indicated  by  the  number  in  the  circle  near  by. 
Thus  the  two  curves  were  determined.  It  will  be  noticed  that  thev 
are  very  close  together,  indicating  the  reliability  of  the  method  of 
w^orking  up  the  data. 

The  important  point  is  that  the  circulation  rapidly  drops  behind 
the  amoimt  of  steam  made  (per  cent  of  rated  capacity  developed), 
especially  at  high  rates  of  working.  Thus  at  70  per  cent  of  rated 
capacity  the  average  speed  of  rotation  of  the  indicator  was  80  rc^volu- 
tions  per  minute.  At  105  per  cent  of  rated  capacity  the  rate  of  revo- 
lution was  102,  whereas  to  be  proportional  it  should  have  been  120; 
the  speed  of  circulation  fell  about  15  per  cent  short. 

Tliis  result  is  reasonable  when  we  consider  that,  so  far  as  one  can 
make  any  speculations,  the  circulating  forces  are  perhaps  roughly 
proportional  to  the  amount  of  steam  which  is  generated  and  entrained 
with  the  rising  water,  whereas  the  frictional  resistance  to  circulation 
is  perhaps  proportional  to  the  square  of  the  average  velocity  of 
circulation. 

This  failure  of  circulation  to  keej)  up  proportionally  with  demands  on 
it  must  decrease  the  efficiency  of  the  boiler  at  higher  rates  of  working, 
by  allowing  a  proportionally  larger  percentage  of  the  water-heating 
surface  to  be  covered  with  steam  bubbles,  thus  virtually  reducing 
the  heating  surface.  That  this  condition  does  superv' ene  is  indicated 
on  a  number  of  charts,  for  instance  those  shown  in  figs.  5  (p.  14)  and 
8  (p.  17),  which  should  be  noted  in  this  connection. 

At  a  later  date  the  circulation  indicator  was  ])ut  in  the  middle 
tube  of  the  lowest  row  of  tubes,  this  being  one  of  the  tubes  inclosed 
in  clay  tiles  except  at  the  rear  end.  The  revolutions  per  minute  for 
various  capacities  are  given  in  the  following  table: 

Readings  of  circulation  indicator  shoaing  nvolutions  per  minute  for  various  rapacities. 


Number  of  roartings 

Revolutions  per  minute 


Capacity, 
m.t.        11S.2. 

:.s.2. 

'♦2.2. 

7*i 
217 

S              7 
2.")7          27:i 

12 
201 

The  number  of  revolutions  at  any  capacity  is  aj)pr()ximatcly  three 
times  as  great  as  the  number  shown  in  fig.  7  for  the  se(!ond  row  of 
tubes  just  above. 
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In  an  earlier  experiment  the  same  circulation  indicator  was  placed 
in  the  third  row  of  tubes  from  the  top  of  the  boiler,  and  it  was  found 
that  the  rate  of  revolution  was  very  slow  indeed.  This  result  indi- 
cates that  the  bottom  row  of  tubes  is  doing  far  more  work  than  any 
other  row,  and  that  as  we  go  from  the  bottom  row  up  the  amount  of 
work  done  decreases  very  rapidly. 

The  probability  that  the  bottom  row  of  tubes  absorbs  so  large  a 
portion  of  the  total  heat,  absorbed  mostly  on  account  of  conduction 
through  the  clay  tiles  and  radiation  to  the  exposed  portion  of  the 
tubes  in  the  rear  over  the  hot  brickwork,  makes  it  easy  to  realize  that 
the  efficiency  of  the  boiler  as  a  heat  absorber  may  well  rise  far  more 
rapidly  with  increasing  furnace  temperature  than  is  indicated  by  the 
equation  for  heat  absorption  from  the  gases  due  to  convection  only, 
as  developed  on  pages  129  and  130. 

C-SHAPED  V.  FLAT-BOTTOMED  TUBE  TILES. 

In  boilers  of  the  Heine  furnace  type  the  bottom  row  of  tubes  is 
incased  in  clay  tiles.  Such  an  installation  is  advantageous  when  coals 
break  down,  evolving  gases  difficult  to  bum,  for  the  clay  tiles  serve 
a  far  better  cause  in  protecting  the  burning  gases  from  sudden  cool- 
ing, and  in  acting  as  a  small  heat  reservoir,  than  in  protecting  the 
tubes  from  burning. 

The  first  tiles  used  by  the  testing  plant  were  of  a  C  shape  inside 
and  out,  and  although  they  were  made  of  excellent  material  they 
were  so  easily  daniao;ed  bv  fire  tools,  and  cracked  so  often  from 
sudden  temperature  changes,  that  a  new  set  had  to  be  put  in  ever}' 
two  or  three  months.  Later,  both  boilers  were  fitted  with  tiles  which 
are  flat  on  the  bottom,  giving  the  furnace  roof  the  appearance  of  a 
ceiling.  They  are  only  15  per  cent  heavier  than  the  old  C  tiles,  and 
could  easily  be  made  as  light  as  the  old  tiles  by  cutting  off  the  upper 
outside  comers,  above  the  tubes.  The  new  tiles  have  withstood  hot 
fires  for  over  a  year  and  are  still  good.  They  are  among  the  most 
satisfactorA'  parts  of  the  boiler  equi])ment.  The  difficult}^  referred  to 
has  been  experienced  at  several  power  houses,  and  overcome  in  the 
same  way,  with  equal  satisfaction. 

OBSAT  TOTALS. 

The  sum  of  the  percentages  of  CCX,  Oj,  and  CO  of  an  Orsat  gas 
analysis  is  not  at  all  constant.  The  sum  is  usually  low  at  the  start 
of  a  test  and  gradually  rises  during  the  first  two  hours.  It  also 
varies  from  day  to  day  and  from  coal  to  coal.  The  first  explanation 
suggested  was  that  th(*  available  hydrogen  of  the  coal  burned  to 
water  that  condensed  Ix^fore  the  gas  sam])le  arrived  at  the  Orsat 
measuring:  tul)e,  so  tliat  out  of  every  hundred  volumes  of  air  which 
cntoivd  the  furnace  one  or  two  volumes  might  well  be  missing  in  the 
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Orsat  measuring  tube.  On  this  assumption,  when  the  same  quan- 
tity of  air  is  used  to  bum  various  fuels  those  highest  in  available 
hydrogen  should  give  the  lowest  totals  of  Orsat  analyses.  To  test 
this  reasoning,  a  tabulation  was  made,  headed  '*  Classification  of 
average  flue-gas  totals  on  basis  of  per  cent  of  available  hydrogen 
in  dry  coal.''  Many  tests  were  grouped,  first  according  to  pounds  of 
dry  chimney  gases  per  pound  of  ^^combustible."  The  tests  of  each  of 
these  groups  were  then  reclassified  according  to  per  cent  of  available 
hydrogen  in  dry  coal.  For  each  subgroup  the  average  was  found  for 
the  Orsat  totals  of  COj,  Oj,  and  CO.  A  glance  along  the  horizontal 
rows  of  flue-gas  totals  shows  but  little  relation  between  available 
hydrogen  and  flue-gas  totals.  This  failure  to  connect  per  cent  of 
available  hydrogen  with  shortage  in  Orsat  totals  suggests  that  other 
causes  may  be  at  work. 

Perhaps  the  occurrence  of  low  totals  in  the  first  part  of  a  test  is 
due  to  the  fact  that  an  oxygen  molecule  may  combine  with  carbon 
and  form  two  CO  molecules,  which  will  occupy  twice  the  space, 
thereby  making  the  Orsat  totals  higher.  During  the  first  part  of  a 
test  the  CO  is  low,  and  later  it  rises.  CO  and  available  hydrogen 
have  opposite  effects  on  the  totals.  So  it  is,  after  all,  not  to  be 
expected  that  either  taken  alone  will  show  anything.  More  work 
will  be  done  on  this  problem. 

Classification  of  average  flue-gas  totals  on  basis  of  per  cent  of  available  hydrogen  in  dry 

coal. 


Per  cent  of  available  hydrogen  in  dry  coal. 


Under    3  to    a  3.4  to 
3.  3.2.a  ,    3.6. 


Less  than  18  pounds  of  dry 
chimney  gases  per  pound  of 
combustible: 

Number  of  tests 

Average  per  cent  of  availa- 
ble hydrogen  in  drv  coal. 
Average  of  nue-gas  totals 

(COi+OH-CO) 

From  18  to  19  pounds  of  dry 
chinmey  gases  per  pound  of 
combustible: 

Number  of  tests 

Average  per  cent  of  availa- 
ble hydrogen  in  dry  coaL . 
Average  of  flue-gas  totals 

(CO,+  0,+  CO) 

From  19  to  20  pounds  of  dry 
chimney  gases  per  pound  of 
combustible: 

Numl)er  of  tests 

Average  per  cent  of  availa- 
ble hydrogen  in  dry  coal . 
Average  of  nue-gas  totals 

(COj+Oj-l-CO) 

From  20  to  21  pounds  of  dry 
chimney  gases  per  poimd  of 
combustrble: 

Number  of  tests 

Average  per  cent  of  availa- 
ble hydrogen  in  dry  coal. 
Average  of  nue-gas  totals 
(COt+0,+CO) 


2 

2.48 

19.33 


I 


1 

2.31 

19.16 

2 

2.49 

19.87 


3.6  to 
3.8. 


3.50 


1 

3.66 

19.38 


3. 42       3. 72 


19.25     19.42 


3 
3.76 
i  18.91 


3.8  to 
4.0. 


2 

3.86 

18.55 

2 
3.92 


18. 92     18. 71      19. 15 


19.01 

2 

3.98 

19.79 


4.0  to  '  4.2  to 


4.2. 


8 

4.05 

19.16 

6 

4.08 

19.04 

14 
3. 71       3. 88       4. 07 


19.07 

12 

4.08 

19.48 


4.4. 


8 

4.29 

18.  f.O 

11 

4.30 

18.72 

8 

4.30 

18. 92 

11 

4.30 

19.23 


4.4  to 
4.6. 


5 


4.56 
19.07 

11 
4.54 

18.82 

5 

4.52 

i9.08 

9 

4.51 

18.89 


4.6  to 
4.8. 

4.8  to 
5. 

3 

4.61 

18.69 

9 

4.67 

18.62 

5 

4.68 

19.08 

5 

4.72 

18.98 

a  No  fuels  in  the  3.2  to  3.4  per  cent  class. 
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Classification  of  average  flue-gas  totah  on  basis  of  per  cent  of  cxailahle  hydrogen  in  dry 

coal — Cont  iniied . 


Per  cent  of  available  hydrogen  in  dry  coal. 


Under    3  to     3.4  to    3.«  to    3.8  to    4.0  to 
3.  3.2.        3.H.        3.8.        4.0.        4.2. 


4.2  to  '  4.4  to    4.6  to  '-4.8  to 
4.4.        4.6.        4.8.    .     5. 


From  21  to  22  pounds  of  dry 
chimney  gases  ver  pound  of 
til" 


combustible: 

Numijer  of  tests ' 1 

Average  yer  cent  of  availa- 
ble hydn  gen  in  drv  coal 3.  .")♦» 

Average  of  flue-gas  totals  i 
(COj+Ot+CO) ' ■ :  19.29 


1 


From  22  to  23  pounds  of  dry  i 

chimney  gases  poT  pound  of 
combustil)le : 

Num tier  of  tests 

Average  per  cent  of  availa- ' 

ble  liyclrogeu  in  drv  coal 3. 49 

Average  of  flue-gas  totals 

(COi+0,+  CO) 19.10 

From  23  to  24  pounds  of  dry 
chimney  gases  per  pound  of 
;jb 


3 

3.70 

19.23 

3 
3.  r.9 

19. 4S 


1 


3.4; 


combustible: 

Numlier  of  tests 

Average  per  cent  of  availa 
ble  hydrogen  in  dry  coal 
Average  of  flue-gas  totals  I  1 

(COj-l-Oj+CO) ! I IS.  92 

24  pounds  or  more  of  dry  chim- 
ney ^ases  per  pound  of  com- 
bustible: 

Numljer  of  tests 

Average  r)er  cent  of  availa- 
ble hyarogen  in  dry  coal 
Average  of  flue-gas  totals 
(C0j-f-02+(X)) 18.91  ;  20.07     19.70 


1  i  1 

2. 89  !    3. 17 


3 
3. 33 


3 
3.71 

19.  n 


1  ,  7 

3.99       4.07 

19.65  ■  19.52 


5 

4.03 

19.82 


1 
3.88 


3 
4.04 


8 

4.27 

19.17 

3 

4.29 

19.19 

o 
4.27 


19.59     20.00  1  19.58 


3 

4.36 

19.36 

8 

4.48 

19.17 

10 

4.51 

19.36 


0 

mm 

6 

4 

7 

3.98 

4.08 

4.31 

4.52 

9.45 

19.72 

19.45 

19.43 

5 

4.66 

19.08 

5  . 
4.69 
19.22 

2 

4.68 

19.25 

2 

4.71 

18.46 


1 

4.85 

19.20 


4 

4.85 

19.38 


PER  CENT  OF  CO  IN  COMBUSTION  CHAMBER. 

Fig.  14  (j).  23)  shows  that  when  coinbustioii-chamber  temperatures 
are  higli,  tlie  per  cent  of  CO  in  the  rear  of  the  combustion  chamber  is 
liigh  and  the  totals  of  CO.,,  Oo,  and  CO  are  low.  This  concurrence  of 
high  CO  and  low  totals  of  Orsat  analyses  has  often  been  noticed.  As 
a  converse  test,  the  classification  tabulated  below  was  made  on  per 
cent  of  CO  as  a  basis,  to  obtain  the  average  of  the  Orsat  totals.  Thev 
are  practically  constant  until  the  CO  becomes  Wgh,  when  they  drop 
at  a  comparatively  rapid  rate.  This  relation  is  of  the  same  nature  as 
that  indicated  in  fig.  14  (p.  23).  No  explanation  is  given  here,  as 
several  possible  ones  were  found  to  be  doubtful  on  investigation. 

Classificatimi  of  Orsnt  totals  on  ba^ia  of  iobivntric  per  v(v.t  of  CO  in  combustion  chamber 

{tists  J1S-.:;<<J}. 


Nuinhcr  of  readings... 
Avonigcof  U)0-   (C02+- 

c:o+02) 


Per  cent  of  CO. 


0  to     0.10  to  0.20  to  0.:^^)  lo  0.40  to  ()..')()  to  0.(i0  to  0.70  to 
0.10.       0.20.       ().:{0.       0.40.       ().')0.       0.«jO.       0.70.       0.80. 


82 
18.  .3 


31 
18.4 


;J8 
18.5 


18 
18.5 


17 
18.0 


18.5 


9 
18.3 


4 
18.9 


0.80  to 
0.90. 


5 

1&2 


0.90  to 
1.00 

2 
15.1 


Over 
1.00. 


17.4 


^ni 


The  following  table  was  constructed  to  ascertain  w^hether  such  con- 
ditions of  poor  combustiow  a^  \>eT\\\\V\.c:d  ii^  l\i^h  percentage  of  CO  in 
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the  rear  of  the  combustion  chamber  also  conduced  to  smoke  produc- 
tion. The  finding  is  in  the  affirmative.  See  also  the  chart  shown  in 
fig.  33  (p.  56),  based  on  per  cent  of  black  smoke,  in  which  the  per  cent 
of  CO  rises  rapidly  with  the  per  cent  of  smoke.  • 

Classification  of  srtioke  production  on  basis  of  volumetric  per  cent  of  CO  in  combustion 

chamber. 


Tcr  cent  cf  CO. 

Oto 
0.10. 

0.10  to 
0.20. 

0.20  to 
0.30. 

0.30  to    0.40  to 
0.40.    ,    0.50. 

0.50  to 
0.60. 

1 

0..58 
38.5 

0.60  to 
0.90. 

0.90  up. 

Number  of  tests 

9 

0.03 
13.8 

8 

0.14 
19.9 

4 

0.23 
21.8 

4              4 

1 

0.83 
40.0 

1 

Average  per  cent  of  CO  in  combus- 
tion chamber,  volumetric 

0.34 
18.1 

0.44 
26.3 

1.10 

Average  per  cent  of  black  smoke 

39.0 

POUNDS  OF  DB7  CHIMNE7  OASES  PER  POUND  OF  ''COMBUSTIBLE." 

The  subj  oined  tabulation  of  pounds  of  dry  chimney  gases  per  pound  of 
"  combustible ''  is  based  on  intensity  of  draft  under  stack  damper  and 
difference  of  draft  under  stack  damper  and  draft  over  fire.  This  table 
was  made  to  ascertain  whether  the  pounds  of  air  used  could  be  approxi- 
mated by  draft  readings.  As  there  was  also  air  leakage,  which  varied 
with  the  amount  of  draft  carried,  it  seemed  best  to  average  out  the 
error  by  using  separate  readings  for  different  values  of  stack  draft. 
However,  such  a  classification  seems  to  be  so  greatly  influenced  by 
rate  of  combustion  and  air  leakage  as  to  make  it  of  little  value.  The 
table  shows  a  small  increase  of  pounds  of  dry  chimney  gases  per  pound 
of  ^'combustible^'  as  the  difference  of  draft  increases. 

Classification  of  dry  chimney  gases  per  pound  of  ''  combvstible^^  on  basis  of  stack  draft 
ana  difference  of  draft  under  stack  damper  and  draft  over  fire. 


Stack  draft. 

• 

Under 
0.40. 

0.40  to    0.425  to  0.45  to   0.475  to 
0.425.   1    0.45.       0.475.       0.50. 

0.50  to 
1   0.52.5. 

0.525  to 
0.55. 

Number  of  te.sts 

1 
18             23             12             25 

23 

0.34 

20.02 

17 

0.35 

19. 52 

14 

Average  difference  of  stack  draft  and  draft  , 
over  fire 

Average  pounds  of  dry  chimney  gases  per 
pound  of  combustible 

0.25 
19.75 

0.29 
19.04 

0. 32         0. 32 
la  25       19. 79 

0.37 
21.09 

i                                       Stack  draft. 

0.5.5  to      0.575  to      O.CO  to    i  0.62.5  to 
0.575.     1      0.60.           0.625.     1      0.65. 

0.65  to 
0.675. 

0.675 
up. 

Number  of  tests ..____... 

21  1              16 

0. 38            0.  41 

21.18           22.08 

28  '             18 
0.41  .          0.44 

1 

22. 16           22. 92 

10 

0.47 

21.86 

32 

Average  difference  of  stack  draft  and  draft 
over  fire 

Average  pounds  of  dry  chimney  gases  per 
pound  of  combustible 

0.54 
21.91 

1 

EFFECT  OF   DIRECTION,  VELOCITY,  RELATIVE    HTTMIDIT7,  AND    TEMPERATURE 

OF  AIR  ON  EFFICIENCY  72*. 

Inasmuch  as  the  boilers  stood  in  a  poorly  built  wooden  structure, 
near  two  large  doors,  which  were  always  open  in  summer  and  soi^aa- 
times  in  winter^  it  was  thought  that  ttie  cooVmig^  oi  \!tkj&\>Q^«t  xokorcsOcr^ 
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winds  might  have  some  appreciable  tendency  to  lower  the  efliciency 
72*. 

With  the  data  from  about  305  tests,  the  problem  was  attacked  in 
sereral  ways,  as  given  below: 

1 .  The  winds  were  classified  in  four  groups, — (a)  from  the  north  and 
northeast,  (6)  from  the  east  and  southeast,  (c)  from  the  south  and 
southwest,  (d)  from  the  west  and  northwest — and  then  all  t^sts  were 
classified  according  to  the  prevailing  direction  of  the  wind  for  that 
day,  and  the  individual  tests  falling  in  each  of  the  four  wind  groups 
were  plotted  by  means  of  the  two  ordinates,  efficiency  72*  and  velocity 
of  wind  in  miles  per  hour.  It  was  found  that  there  was  no  appreciable 
effect  on  efficiency  due  to  wind  velocity.  In  the  above-mentioned 
subdivisions  the  tests  of  all  groups  (a,  6,  c,  and  d)  were  arranged  in 
subgroups  according  to  the  outside  air  temperatures — ^for  instance, 
the  tests  falling  under  wind  from  the  east  and  southeast  were  divided 
into  tliree  subgroups,  in  which  the  ranges  of  outside  air  temperature 
were  ^^ below  40°  F.,''  ^'40°  to  50°  F.,''  and  ^'50°  to  60°  F/' 

2.  With  the  same  four  groups  of  wind  directions  (a,  6,  c,  and  d) 
the  item  72*  (so-called  '* boiler  efficiency")  was  plotted  in  each  group 
with  the  items:  (e)  velocity  of  wind  in  miles  per  hour,  (/)  relative 
humidity  of  outside  atmosphere,  (g)  outside  air  temperature,  and 
(h)  average  diameter  of  coal.  In  group  2  (e)  the  velocity  of  wind 
again  had  no  noticeable  effect.  For  all  directions  of  wind  excepting 
from  the  north  and  northeast,  high  relative  humidity  (f)  of  the  out- 
side atmosphere  appeared  to  lower  the  efficiency  somewhat.  A 
rise  of  outside-air  temperature  (g)  appeared  to  cause  a  slight  rise  in 
efficiency,  but  not  any  more  than  results  from  an  equal  reduction  in 
stack  temperature,  so  that  the  effect  on  radiation  is  not  noticeable. 
The  outside  doors  were  generally  closed  in  winter,  however.  The 
average  diameter  of  the  coal  (h)  varied  only  slightly,  and  it  appar- 
ently had  no  influence  in  disguising  any  of  the  other  curv^es  (fj  /, 
and  g). 

The  general  conclusion  is  that  calculations  of  radiation  are  not 
likely  to  be  appreciably  in  error  owing  to  changes  in  weather  con- 
ditions, unless  it  is  substantiated  on  further  investigation  that  the 
relative  humidity  influences  the  amount  of  heat  lost  by  convection 
or  else  retards  the  combustion  of  coal.  EflSciency  72*  was  used 
because  the  ''unaccounted-for"  item  is  not  reliable. 

BELATION  OF   UNACCOUNTED-FOR  LOSS  TO  ASH  PASSING   OVEB  BRIDGE  WALL. 

It  was  tliouglit  that  j)()ssibly  all  the  coal  which  was  blown  up  from 
the  fuel  bed  and  carried  away  with  the  gases  did  not  burn,  and  that 
a  clew  to  incomplete  combustiim  miglit  be  obtained  by  comparing 
the  unaccounted-for  items  of  the  heat  balance  with  the  ash  lost  over 
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the  bridge  wall.  The  opposite  from  the  relation  expected  appears 
in  the  accompanying  table,  which  shows  that  the  greater  the  per 
cent  of  ash  carried  away  the  less  the  unaccounted-for  loss — that  a 
high  percentage  loss  of  ash  does  not  mean  a  high  unaccounted-for 
loss.  As  the  average  difference  of  draft  under  stack  damper  and 
draft  over  fire  increases  the  ash  lost  over  the  bridge  wall  increases, 
as  might  be  expected. 

The  following  is  offered  as  an  explanation  of  the  table :  With  higher 
draft  there  is  an  increased  rate  of  combustion;  the  temperature  of 
combustion  is  increased ;  the  pounds  of  dry  chimney  gases  per  pound 
of  ''combustible"  are  decreased;  a  higher  initial  temperature  and 
increased  rate  of  combustion  will  give  a  higher  stack  temperature, 
and  this  increased  temperature  will  increase  the  loss  up  the  stack 
and  subtract  almost  directly  from  the  unaccounted-for  loss;  and 
with  increased  ra;te  of  combustion  the  per  cent  of  radiation  loss  for 
each  pound  of  coal  burned  will  be  less  and  this  reduction  will  enter 
directly  into  the  unaccounted-for  loss.  These  factors  tend  to  decrease 
the  unaccounted-for  loss.  On  the  other  hand,  with  higher  rate  of 
combustion  and  higher  temperatures  the  gases  are  carried  through 
the  furnace  faster  and  there  is  a  greater  amount  of  incomplete  com- 
bustion owing  to  the  fact  that  less  time  is  taken  in  passing  through 
the  furnace.  Moreover,  as  there  is  less  excess  of  air  and  a  higher 
temperature,  the  unaccounted-for  loss  will  directly  increase  because 
hydrocarbon  losses  are  not  determined.  There  is  necessarily  a  bal- 
ancing of  these  losses  and  gains.  The  table  shows  their  average 
effect  only. 

Three  classifications  showing  relation  between  '^unaccounted-for'^  lo»&  emd  eak  pt^sinff 

over  bridge  wall. 


Per  cent   of  ash   lost   over 
bridge    wall,    referred    to 
combustible  burned 

0.58 
24 

9.83 
0.35 

1.24 
20 

11.74 
0.35 

1.73 
30 

11.23 
0.34 

2.26 
28 

11.24 
0.36 

2.69 
19 

9.73 
0.38 

3.26 

18 

9.40 
0.37 

3.72 
20 

10.49 
0.37 

4.42 
25 

9.52 
0.39 

7.01 

Number  of  tests 

19 

Average  per  cent   of  unac- 
counted-for loss  from  heat 
balance 

8.45 

Average  difference  of  draft 
under  stack   damper  and 
draft  over  fire,  inch  of  wa- 
ter  

0.4a 

Average  per  cent  of  ash  lost 
over  bridge  wall 

0.27 
13 

10.01 

0.79 
26 

10.55 

1.24 
34 

12.12 

1.78 
29 

10.78 

2.25 
33 

10.44 

2.80 
20 

9.53 

3.20 
23 

9.68 

3.72 

14 

9.46 

4.56 
10 

7.99 

5.90 

Number  of  tests 

9 

Average   per  cent  of  unac- 
counted-for loss  from  heat 
balance 

9.01 

Average  per  cent   of  unac- 
counted-for loss 

Number  of  tests 

a.  (V9 
20 

3.81 
3.04 

7.59 
24 

2.80 
2.24 

8.54 
22 

3.10 
2.45 

9.48 
29 

2.64 
2.10 

10.48 
20 

2.51 
1.99 

11.45 
30 

2.88 
2.26 

12.55 
22 

2.83 
2.21 

13.38 
12 

2.81 
2.19 

14.51 
11 

1.75 
1.44 

16.7a 
15 

Per   cent   of   ash    lost   over 
bridge    wall,    referred     to 
combustible  burned 

Average  per  cent  of  ash  Irst 
over  bndEe  wall 

2.ie 

1.7& 
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THE  LAW  OF  MASS  ACTION. 

Although  not  yet  verj"  old,  the  law  of  mass  action  is  already  one 
of  the  most  firmly  estahlished  and  useful  of  the  laws  of  physical  chem- 
istiy\  Its  operation  is  a  matter  of  daily  intuition  in  other  fields;  e.  g.,  the 
more  water  one  uses  the  easier  it  is  to  dissolve  sugar,  salt,  etc.  But 
only  recently  has  the  law  l)een  mathematically  formulated  in  chem- 
istn%  and  even  vet  it  is  often  so  hard  to  learn  what  the  reactions  are 
that  one  does  not  know  which  mass-action  formula  to  use;  still, 
the  path  of  some  reactions  has  been  determined  by  finding  what  for- 
mula fitted  the  observed  facts. 

To  take  the  simple  case  of  combustion  of  carbon,  it  is  an  observa- 
tion as  old  as  the  art  of  boiler  practice  that  considerable  excess  of  air  is 
needed  above  the  theoretical  amount,  ilathematically  the  situa- 
tion is  as  follows: 

^Vs  soon  as  some  of  the  oxygen  of  the  air  has  united  with  carbon 
or  CO  it  is  no  longer  available  for  oxidation  of  the  remaining  com- 
bustible; worse  yet,  the  molecules  formed  are  in  the  way,  so  that 
the  combinations  become  less  and  less  frequent.  All  this,  of  course, 
is  on  the  supposition  that  the  temperature  is  kept  constant,  so  as  to 
eliminate  other  variables.  Now,  as  the  above  reaction  proceeds  the 
masses  of  ox^^gen  and  carbon,  as  compared  with  the  total  masses 
present,  become  less  and  less,  whence  the  name,  mass  action;  they 
soon  become  nearly  zero. 

The  above  illustration  is  faulty  in  one  respect — it  does  not  say  in 
what  terms  the  masses  are  to  be  measured.  Elementary  chemistry 
states  that  CO  and  O,  for  example,  combine  in  just  one  proportion — 
28  parts  by  weight  of  CO  (its  molecular  weight)  and  16  parts  by 
weight  of  O  (its  atomic  weight).  The  molecular  weight  of  the 
oxygen  is  not  taken  (it  is  32,  as  there  are  ordinarily  two  atoms  in  a 
molecule)  as  the  combining  weight,  because  the  molecule  must  first 
divide.  Thus  we  should  reallv  consider  2  molecules  of  CO  and  1  of 
O.,.  For  these  reasons  both  combinino;  substances  must  be  consid- 
ered  according  to  the  num])ers  of  gram  molecules  present — that  is,  the 
number  of  grams  of  each  present  divided  by  its  respective  molecular 
weight.  Luckily  this  troul)le  disappears  when  working  with  gases 
analyzed  volunietrically,  as  with  an  Orsat  apparatus,  because  the 
volumetric  weights  of  gases  are  directly  proportional  to  their  molecu- 
lar weights,  as  all  gases  at  the  same  tem])erature  and  pressure  contain 
the  same  number  of  molecules  per  unit  volume.  Even  dissociation, 
either  of  molecules  of  ILO  and  CO2  or  of  molecules  of  IIj  and  Oj  and 
N2  into  211,  20,  and  2\,  would  not  trouble  us,  because  volumes  would 
increase  proportionately.  All  we  need  to  do  is  to  substitute  the 
volumetric  percentages  of  O,,  and  of  CO  or  CII^,  for  example,  of  the 
analysis  in  the  e([uation  corresponding  to  the  particular  reaction  and 
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oNtain  the  relative  indication  of  the  rate  of  combustion,  assuming,  of 
course,  the  same  temperature  and  pressure  in  ever^^  case. 

Example:  An  analysis  of  gas  from  the  rear  of  a  combustion  cham- 
ber through  a  small  opening  in  a  water-jacketed  gas  sampler  showed 
the  two  following  results,  the  combustion-chamber  temperature  in 
each  case  being  2,600°  F.:  (1)  Oj,  4  per  cent;  CO,  0.5  per  cent. 
(2)  Oj,  7  per  cent;  CO,  0.4  per  cent.  The  rest  of  the  volume  con- 
sisted of  nitrogen,  water  vapor,  carbon  dioxide,  and  other  gases  for- 
eign to  tliis  calculation.  If  the  formula  of  the  reaction  is  2CO  +  02^ 
2C0„«  and  if  at  2,600°  F.  the  dissociation  of  CO,  is  only  about  0.01 
per  cent,  we  may  say  with  very  close  accuracy  that  the  reaction  is 
not  a  balanced  one,  but  proceeds  to  a  finish.  It  can  be  then  written 
2CO-h02  =  2C02. 

If  the  rate  of  disappearance  of  CO  in  the  gas  is  given  by  —  =  —  const. 

(C0)'(02),  the  rates  of  burning  CO  in  the*  two  cases  given  are  (1) 
4X  (0.5)^=  1.00;  (2)  7X  (0.4)^=  1.12. 

Thus  the  net  velocity  of  combustion  in  the  second  case  is  consider- 
ably greater — with  more  oxygen.  It  would  take  an  almost  impos- 
sible rise  in  the  CO  percentage  in  the  second  case  to  neutralize  the 
effect  of  75  per  cent  more  free  oxygen.  In  such  calculations  care 
must  be  taken  to  include  the  volume  of  the  steam  gas  present  in  the 
100  per  cent  total  (not  the  100  per  cent  total  of  the  Orsat  analysis). 
This  volume  can  be  roughly  calculated,  and  is  considerable  in  per- 
centage and  very  variable. 

It  must  be  constantly  borne  in  mind  that  calculations  of  velocity 
reactions  based  on  the  laws  of  mass  action  are  liable  to  be  seriously 
in  error  owing  to  disturbing  side  reactions,  catalysis,  etc.;  but  prob- 
ably less  is  to  be  feared  here  with  simple  gases  at  high  temperatures 
than  with  more  complex  substances  at  ordinary  temperatures.  At 
any  rate,  these  laws  of  mass  action  are  a  very  valuable  guide  in  such 
problems,  and  if  the  facts  do  not  fit  proved  formulas  well  we  have 
applied  too  little  theory;  some  refining  corollaries  must  be  added. 

On  page  61  is  given  a  calculation  based  on  actual  data  obtained,  and 
the  conclusion  is  reached  that  the  velocity  of  combustion  decreases 
enormously  from  the  surface  of  the  fire  to  the  rear  of  the  combustion 
chamber,  where  it  is  relatively  very  small;  the  practical  application 
is  that  little  is  to  be  gained  by  adding  further  length  of  smooth  com- 
bustion chamber,  which  would  be  commercially  as  poor  an  invest- 
ment of  capital  as  to  add  to  the  length  of  a  Corliss  engine  cylinder 
and  stroke;  we  must  resort  to  thorough  mixing. 

o  The  sign  ^  Indicates  thut  a  chemical  reaction  and  a  reversing  decomposition  are  going  on  side  by 
side.  The  composition  of  the  mixture  etianges  according  as  combination  or  dissociation  is  the  mora 
rapid. 
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The  (question  may  arise,  How  are  we  to  treat  cases  in  which  more 
than  one  combustible  gas  is  present?  Simply  by  adding  the  two 
effects  together,  as  when  we  say  that  the  pressure  of  a  mixture  of 
gases  on  the  walls  of  a  containing  vessel  is  the  sum  of  the  pressures 
of  the  constituent  gases;  the  two  reactions  go  on  independently  side 
by  side.  Care  nmst  be  taken  not  to  add  these  velocity  products 
without  having  lirst  nmltiplied  each  by  its  proper  reduction  factor, 
which  for  most  substances  is  imperfectly  known  at  present  for  high 
temperatures.  For  the  present,  therefore,  it  is  not  feasible  to  get  an 
expression  for  the  comparative  total  velocities  of  combustion  of  all 
constituents  taken  together  at  several  ]>oints  along  the  flame. 

Fig.  81  (p.  51)  presents  an  excellent  illustration  of  decrease  of  com- 
pleteness of  combustion  because  of  decreasing  oxygen  mass  action. 

"Furnace  efficiency*'  should  more  correctly  be  called  '*per  cent 
of  completeness  of  combustion,"  inasmuch  as  furnaces  are  usually 
ffxed  in  size  and  shape,  and  so  exert  about  the  same  mixing  effect  in 
all  cases. 

In  the  commercial  combustion  of  fuels,  where  speed  of  coal  con- 
sumption is  important,  so  as  to  get  high  capacity,  the  operator  must 
determine  whether  he  will  be  most  benefited  by  high  temperatures 
or  by  a  close  approach  to  perfection  of  combustion.  If  he  must  put 
the  heat  into  material  at  a  high  temperature,  as  in  melting  pig  iron 
or  clinkering  cement,  he  must  cut  down  the  air  supply  even  at  the 
cost  of  a  large  fall  in  completeness  of  combustion  due  to  decreased 
oxygen  mass  action,  so  as  to  have  the  temj>erature  of  the  gases  as 
far  as  possible  above  that  of  the  material  to  be  worked.  If  the  tem- 
perature of  his  material  is  low,  as  is  the  water  in  a  boiler,  it  will  not 
make  nuich  ditlVrence  how  much  air  he  ust^s  so  far  as  heat  absoq>tion 
is  concerned,  within  reasonable  limits;  and  larger  porportions  of  air 
mean  larger  oxygen  mass  action  and  more  complete  combustion. 
As  a  general  rule  the  air  supply  per  pound  of  fuel  must  be  decreased, 
at  a  sacrifice  of  completeness  of  combustion,  when  the  tem{>erature 
of  the  material  into  which  heat  is  to  be  put  is  liigh. 

The  only  nietluul  of  alleviating  this  condition  is  by  making  com- 
bustion chambers  longer,  ov,  much  better  yet,  by  putting  some  lire- 
brick  mixing  structure  in  the  path  of  the  gases.  As  such  a  structure 
is  daniaged  more  by  high  than  by  low  temperatures,  it  should  be 
placed  in  the  tirst  part  of  the  path  of  the  gases  to  be  mixed. 

The  most  economical  burning  of  various  fuels  for  various  purposes 
is  largely  (lej)endent  on  proper  adjustment  of  oxygen  mass  action, 
assisted  bv  ^(khI  stream-mixiiiir  structures. 
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The  following  is  a  statement  of  the  dimensions  of  the  boilers  and 
settings  at  the  fuel-testing  plant: 

Dimensions  of  Heine  water-tube  boilers  and  settings  used  in  steaming  tests. 

Length  of  drum feet. .  21yi 

Inside  diameter  of  drum inches. .  42 

Number  of  tubes 116 

Internal  diameter  of  tubes inches. .  3. 26 

Outside  diameter  of  tubes do 3. 5 

Length  of  tubes  exposed feet. .  17-j^i 

Plain  grate: 

Width  of  furnace do 6. 16 

Length  of  furnace do 6. 58 

Mean  height  of  furnace inches. .  26 

Air  space per  cent. .  45 

Area  of  grate  surface square  feet. .  40. 55 

Rocking  grate: 

Width  of  furnace feet. .  6 

Length  of  furnace do 6. 07 

Area  of  grate  surface square  feet. .  36. 4 

Depth  of  ash  pit  below  grate inches. .  25 

Height  of  stack  above  grate feet. .  113. 25 

Diameter  of  stack inches. .  37. 5 

Area  of  gas  passages: 

Stack square  inches. .  1, 104 

Draft  passage  over  bridge  wall do 888 

Aggregate  between  lower  entrance  tubes  to  boiler do 1, 070 

Aggregate  between  tubes  in  boiler do 1,  612 

Aggregate  between  upper  tubes  from  boiler do 640 

Area  of  water-heating  surface: 

Tubes square  feet. .  1,  897 

Water  legs • do 91 

Shell do ... .  43 

Total do 2, 031 

Superheating  area None. 

Total  water  space cubic  feet. .  287 

Steam  space do 73 

Ratio  of  heating  surface  to  grate  surface 50. 1  to  1 

Ratio  of  smallest  draft  area  to  grate  area 1  to  9. 1 

The  boilers  were  erected  by  the  Heine  Boiler  Company,  and  were 
similar  to  those  in  commercial  use."  When  the  water  stood  at  3 
inches  in  the  gage  glass,  boiler  No.  1  contained  16,850  pounds  of 
water,  and  boiler  No.  2,  16,755  pounds  of  water,  at  75°  F.  Each  inch 
of  water,  as  shown  by  the  glass,  represented  340  pounds  in  the  boiler. 
This  figure  was  determined  by  calibrating  the  boilers  with  cold 
water  at  about  75°  F.,  by  noting  the  height  of  water  in  the  gage 
glass  as  the  water  was  drawn  from  the  blow-off  and  weighed. 

oFor  further  description  of  apparatus  see  Prof.  Paper  U.  S.  Geol.  Survey  No.  48, 1906,  pp.  302-314. 
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TRITE  BOILER  EFFICIENCY. 

In  confirmation  ui  the  ideas  on  boiler  efficiency  and  heat  absorption 
advanced  in  this  study,  and  of  the  probability  of  being  able  so  to 
construct  boilers  as  to  evaporate  several  times  as  much  water  per 
unit  of  heating  surface,  the  boiler  division  has  recently  begun  some 
accurate   experiments   on  heat  transmission   through   the   tubes  of 


small    mullimbiiliir    boilei-s    and    finds    tlmt    thi'    results    answer   li> 
Professor  Terry's  iheury  vi'ry  c!os,-ly. 

An  iiceiniJit  of  the  first  few  experiments  will  l>e  found  in  a  paper 
read  hy  Pmf,  L.  V.  ilreckenridp'  l)efore  the  Western  Society  of  Engi- 
neers, diiengu.  .Miirt-h  2(1,  1!I(I7. 
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GEXERAI.  COXCI.1SIOXS. 

All  the  tests  that  are  discussed  in  this  bulletin  were  made  under  a 
Heine  boiler  with  a  hand-fired  furnace.  The  principal  object  of 
these  tests  was  to  determine  the  relative  value  of  coals  for  steaming 
purposes.  With  this  in  view  each  coal  was  burned  to  its  best  advan- 
tage for  hand  firing. 

All  the  tests  were  made  at  about  the  rated  capacity  of  the  boiler, 
carrying  a  steam  pressure  of  about  80  pounds.  The  average  length 
of  a  test  was  about  ten  hours.  The  onlv  variable  conditions  w^ere 
thickness  of  fire  and  intensity  of  draft. 

While  the  average  efficiencies  are  fairly  high,  better  eiSiciency  could 
be  obtained  with  furnaces  and  other  conditions  more  especially 
adapted  to  particular  coals.  The  average  efficiency  obtained  at  the 
fuel-testing  plant  is  about  10  per  cent  higher  than  is  obtained  in  good 
commercial  plants.     This  is  true  for  all  coals. 

The  efficiency  used  as  a  basis  for  comparison  of  coal  tests  under  a 
boiler  is  code  item  72*.  This  is  the  ratio  of  the  heat  carried  away  in 
the  steam  to  the  calorific  value  of  the  '^  combustible. ''  In  determin- 
ing the  amount  of  '^ combustible"  burned  it  was  considered  that  the 
coal  which  fell  through  the  grate  was  never  fired.  This  efficiency  72* 
is  the  product  of  boiler  and  furnace  efficiencies. 

Per  cent  of  completeness  of  combustion  is  the  ratio  of  heat  evolved 
in  the  furnace  to  the  potential  heat  in  the  coal  ascending  from  the 
grate. 

The  efficiency  of  the  boiler  proper  is  the  ratio  of  the  heat  absorbed 
by  the  boiler  to  the  heat  evolved  in  the  furnace.  Efficiency  72*  is  not 
commonly  subdivided  into  furnace  and  boiler  efficiency  on  account 
of  the  difficulty  of  determining  the  actual  heat  evolved  in  the  furnace. 

The  true  boiler  efficiency  is  the  ratio  of  the  heat  absorbed  by  the 
boiler  to  the  heat  available  for  absorption.  Tliis  is  the  true  measure 
of  the  ability  of  a  boiler  to  absorb  heat. 

Inasmuch  as  efficiency  72*  is  the  product  of  furnace  and  boiler  effi- 
ciency, it  increases  with  an  increase  of  furnace  efficiency,  which 
means  that  efficiency  72*  is  higher  with  coals  which  are  more  easily 
and  completely  burned.  Except  in  extreme  cases  it  is  very  little 
affected  by  the  temperature  of  combustion.  High  COg  content  in  the 
gas  analysis  is  not  a  definite  indication  of  high  efficiency,  although 
some  high  72*  efficiencies  were  o])taine(l  with  high  COg  content  in  the 
gas.  The  best  efficiencies  of  tests  recorded  in  this  paper  were  obtained 
with  about  10  per  cent  of  COg.  High  CO  is  always  an  indication  of 
low  72*  efficiency.  It  does  not  by  itself  account  for  all  of  the  incom- 
plete combustion,  but  merely  indicates  poor  conditions  in  the  fur- 
nace. The  other  combustible  gases  which  probably  pass  up  the 
stack,  though  occurring  in  very  small  quantities,  will  account  for  heat 
loss  many  times  as  great  as  the  CO  loss. 
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The  true  boiler  efficiency  (E^)  is  not  of  constant  value  in  coninier- 
cial  boilers,  but  varies  somewhat  with  temperature  of  combustion 
And  capacity.  This  variation  with  temperature  is  due  to  the  heat 
absorbed  by  radiation  from  the  fire  and  the  hot  brick  walls.  To 
increase  capacity  there  must  be  a  proportionate  increase  in  tempera- 
ture difference  between  the  first  layer  of  water  and  the  film  of  gas 
adhering  to  the  tube.  Since  the  temperature  of  the  water  is  in 
most  cases  constant,  the  temperature  of  the  adhering  fihn  of  gases 
will  be  raised  and  the  flue  gases  will  leave  the  boiler  at  a  higher 
temperature. 

In  general  the  efficiency  is  affected  by  the  formation  of  soot  and 
scale  on  the  heating  surface  and  by  defective  circulation  of  water  in 
the  boiler.  These  conditions  cause  poor  absorption  of  heat  and  higher 
flue-gas  temperature. 

The  rate  of  combustion  is  affected  by  the  chemical  composition  of 
the  coal,  the  size  of  the  coal,  the  intensity  of  the  draft,  and  to  some 
extent  by  the  thickness  of  the  fire  and  the  formation  of  clinker. 
Bituminous  coals  high  in  *  Volatile  matter '^  bum  more  quickly  than 
those  high  in  '* fixed  carbon.''  Coals  ranging  in  size  from  one-fourth 
inch  to  li  inches  bum  much  more  rapidly  than  either  very  small  or 
very  large  sizes.  This  is  undoubtedly  due  to  a  better  distribution  of 
air  with  these  sizes.  Fine  coal,  the  formation  of  clinker,  and  thick 
fires  hinder  the  passage  of  air  and  reduce  the  rate  of  combustion.  By 
increasing  the  draft,  more  air  is  drawn  through  the  fuel  bed,  causing 
the  coal  to  burn  more  rapidly. 

With  higher  rates  of  ccHnbustion  loss  air  is  used  per  pound  of  com- 
bustible, the  temperature  of  combustion  rises,  the  gases  pass  through 
the  boiler  faster,  and  after  a  certain  rate  of  combustion  is  reached 
black  smoke  is  produced.  Capacity  varies  almost  directly  with  the 
rate  of  combustion.  Extremely  high  or  low  rates  of  combustion 
reduce  efficiency. 

The  presence  of  ash  in  dry  coal  up  to  about  15  per  cent  has  very 
little  effect  on  efficiency  and  capacity.  Above  this  percentage,  how- 
ever, the  efficiency  drops. 

Moisture  reduces  efficiency  and  ca})acity,  perhaps,  by  hindering 
combustion. 

The  presence  of  sulphur  in  coal  is  not  detrimental  to  the  value  of 
coal  as  fuel  for  steamin<Tj  ])urposes  except  where  it  exists  in  certain 
coml)inati()ns  with  other  constituents  of  the  ash  so  as  to  form  fusible 
clinker  which  mav  adhere  to  the  <rrate. 

If  there  are  no  other  reasons  for  washing  coal  than  for  efficient 
burning,  coal  need  not  he  washed,  as  the  efliciency  of  the  furnace 
and  ])oiler  are  not  increased  hy  washing  except  with  coals  of  high 
ash  or  (•onsidera])le  free  ])yrites.  Washed  coal  can  usually  be 
burned  at  a  hit^her  rat(^  of  comlmstion.  The  washing  of  coal  does 
not  decrease  the  per  cent  of  black  smoke  produced. 
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Most  coals  when  briquetted  can  be  burned  at  a  higher  rate  of 
combustion.  As  a  rule  briquetted  coals  bum  with  little  or  no 
smoke. 

Bituminous  coal  should  be  fired  in  small  quantities  every  three  or 
four  minutes.  It  is  best  to  fire  only  on  one-half  of  the  grate  area 
at  a  time.  When  burning  bituminous  coal,  up  to  a  medium  rate  of 
combustion,  the  production  of  smoke  may  be  entirely  avoided  by 
leaving  the  furnace  doors  partly  open  for  a  short  time  immediately 
after  firing.  The  best  thickness  of  fire  ranges  from  5  to  10  inches, 
varying  with  the  intensity  of  draft  of  0.5  to  0.7  inch  under  the  stack 
damper. 

Most  of  the  eastern  semibituminous  coals,  especially  the  small 
sizes,  cake  badly  in  the  fire.  When  using  these  coals  the  fire  must 
be  raked  frequently.  Coal  of  this  class  can  be  fired  every  five  or  six 
minutes  and  more  can  be  fired  at  a  time  than  of  bituminous  coal. 
Either  the  spreading  or  alternate  method  of  firing  may  be  used. 
Owing  to  its  tendency  to  crumble,  coal  of  this  class  usually  reaches 
the  boiler  room  as  fine  as  slack,  which  reduces  its  value  as  a  steam- 
ing coal.     It  can  be  improved  for  steaming  purposes  by  briquetting. 

Good  results  can  be  obtained  with  lignites  if  a  difference  of  draft 
of  1^  to  2  inches  of  water  is  carried  between  the  ash  pit  and  the 
stack.  With  this  draft  these  fuels  may  be  fired  in  large  quantities 
every  six  or  eight  minutes,  the  spreading  method  of  firing  being 
used.  Rocking  grates  may  be  used  to  good  advantage  in  burning 
lignites. 

For  hand  firing  a  furnace  with  a  tile  roof  and  large  combustion 
chamber  containing  good  mixing  structures  is  well  adapted  for  burn- 
ing bituminous  and  lignitic  coals.  The  mixing  structures  cause 
resistance  to  the  passage  of  furnace  gases,  and  consequently  a  higher 
stack  draft  must  be  carried  to  maintain  capacity. 

COMMKRCIAT^  CONSIDBllATIONS. 

General. — Inasmuch  as  the  boiler  plant  is  at  present  the  expen- 
sive portion  of  a  steaming  outfit,  and  as  it  probably  is  possible  to 
cut  its  cost  down  to  a  fraction  of  the  present  cost  and  at  the  same 
time  obtain  a  higher  efliciency,  it  is  felt  that  there  is  good  ground 
for  anticipating  an  enormous  improvement  in  the  production  of 
steam  power  within  the  next  few  years.  If  so,  it  will  not  be  the 
first  time  that  a  new  arrival  in  a  field  has  spurred  on  older  forms  of 
enterprise  to  a  higher  prosperity  than  they  ever  dreamed  of  before. 
The  competition  of  the  gas  engine  may  be  the  best  thing  that  ever 
happened  to  steam  engines  and  turbines. 

The  statements,  theories,  and  proposals  made  in  this  study  are 
widely  scattered  and  may  not  have  been  plain  because  they  are 
mathematically  involved.     For  this  reason  a  short  summary  will  be 

8400— Bull,  325—07 12 


178  A   STUDY    OF   FOUR   HUNDRED   STEAMING   TESTS. 

made  here  of  the  possibility  of  so  improving  the  system  of  working 
steam-tmbine  plants  that  they  may  be  permanently  kept  above 
commercial  competition  from  gas-producer  and  engine  plants  in 
large  powers.  Of  course  there  is  little  doubt  that  a  great  field 
immediately  awaits  the  gas  engine  in  smaller  plants,  say  under  5,000 
horsepower.     All  these  suggestions  are  tentative  only. 

Boilers. — The  authors  see  no  reason  why  boilers  can  not  be  con- 
structed, and  probably  operated  with  entire  satisfaction,  which  will 
produce  about  ten  times  the  amount  of  steam  now  obtained  per 
square  foot  of  heating  surface,  and  with  no  diflSculty  in  obtaining 
dry  steam.  The  efliciency  from  coal  to  steam  should  easily  be  made 
considerably  higher  than  that  of  a  good  performance  of  to-day.  Such 
a  plant  would  require  only  a  fraction  of  the  present  investment  in 
steam  plants,  buildings,  and  real  estate.  Perry  states  in  his  book, 
The  Steam  Engine  and  Gas  and  Oil  Engines,  that  he  thinks  boilers 
should  be  made  to  do  ten  and  possibly  twenty  times  the  work 
they  do  at  present. 

Furnaces. — It  will  probably  -be  found  on  attempting  this  reduc- 
tion of  dimensions  and  cost  that  the  limit  will  be  not  in  the  boiler 
as  such,  but  in  the  combustion  chamber.  Burning  a  large  amount 
of  coal  on  a  small  grate  area  is  largely  a  question  of  draft  and  con- 
tinual riddance  of  ash,  but  the  rate  of  travel  of  gases  through  a 
combustion  chamber  is  dependent,  practically,  only  on  the  amount 
of  carbon  burned  per  unit  of  time,  the  rate  being  about  the  same 
no  matter  what  the  air  supply  per  pound  of  carbon.  As  combus- 
tion chambers  are  now  constructed  for  western  coals  they  are  too 
small,  but  '^small''  is  a  word  not  to  be  understood  in  this  con- 
nection as  referring  to  volume  or  length  alone.  B}^  a  ^'small  com- 
bustion cham])er"  is  meant  a  chamber  in  which  either  the  time  spent 
by  the  gas  in  traveling  from  the  front  to  the  rear  of  the  boiler  is 
short  or  the  mixing  devices  arc  ineflicient  or  absent.  In  the  dis- 
cussion of  mass  action  it  was  stated  that  mere  length  of  combustion 
chamber  counts  for  little — that  mixing  is  what  counts — and  thus 
there  is  a  possibility  of  enormously  increasing  the  eflicienc}^  of  a  com- 
bustion chamber  as  a  burner  of  volatile  matter.  Effort  in  com- 
plethig  a  steam-generating  outfit  of  small  dimensions  must  be  largely 
concerned  with  the  construction  of  a  combustion  chamber  contain- 
ing many  gas-mixing  appliances. 

Tuvhincs. — The  work  on  turbines  is  provisional  only,  but  it  is 
believed  that  all  the  assumptions  made  are  on  the  side  of  safetv; 
that  is,  that  the  over-all  efliciencv  of  the  turbines  workin^r  with 
high  superheat  and  low  pressure  would  probably  be  greater  than 
estimated. 
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GLOSSARY. 

Absolute  temperature.  Tho  tomptTature  of  a  substance  reckoned  from  that  tem- 
perature— 4G1°  below  the  zero  on  the  Fahrenheit  scale  and  273°  below  the  zero 
on  the  centigi*ade  scale — at  which  all  heat  is  supposedly  absent. 

Air-dried  coal.  A  term  applied  to  coal  that  has  been  prepared  for  chemical  analysis. 
The  coal  is  dried  at  a  temperature  somewhat  above  that  of  the  room  in  which 
it  is  to  be  analyzed,  in  the  atmospheric  conditions  prevailing  in  the  room,  so  that 
the  sample  will  not  vary  in  weight  while  being  handled.  No  coal  has  a  constant 
air-drying  loss,  since  its  loss  in  weight  varies  according  to  conditions,  such  as  size 
of  coal  analyzed,  air  currents,  and  weather  conditions.  Air-drying  results  are  of 
value?  only  to  the  chemist  who  figures  them  back  to  coal  as  received  and  to  dry  coal. 

Available  heat.  The  portion  of  the  heat  supplied  to  the  boiler  over  and  above  the 
amount  required  to  raise  the  gases  from  atmospheric  to  steam  temperature. 

Available  hydrogen.  The  excess  of  hydrogen  in  coal  over  and  above  that  which  is 
required  to  unite  completely  with  the  oxygen  in  the  coal  to  form  water  (H.^0). 
It  is  found  by  subtracting  one-eighth  of  the  total  oxygen  from  the  total  hydrc^en. 

AvoGADRo's  law.  The  temperature  and  pnssure  being  the  same,  the  number  of 
molecules  in  a  unit  volume  is  the  same  for  all  gases. 

Baffle.  A  t(*'m  applied  to  partitions  designed  to  change  the  course  of  moving  gases 
in  the  combustion  chamber  or  among  the  boiler  tubes. 

Base  values.  A  term  used  to  designate  the  al>scissa  value  of  any  point  on  a  curve — 
that  is,  the  horizontal  distance  of  that  point  from  the  left  side  of  the  chart. 

Black  body.  A  term  used  to  designate  a  hollow  body  whose  walls  are  all  at  the 
same  temperature.  If  an  extremely  small  hole  were  made  in  such  a  body,  heat 
woidd  be  radiated  through  the  hole  in  proportion  to  the  difference  of  the  fourth 
powers  of  Xhv  absolute  temperatures  of  the  black  body  and  the  surrounding 
objects. 

BoLTZMANN  AND  Stepan's  LAW.     aS^^  Stefan  and  Boltzmaun's  law. 

British  thermal  unit.  That  quantity  of  heat  which  is  required  to  raise  the  tem- 
perature of  1  pound  of  pure  water  tlirough  1°  F.  at  or  near  39.1°  F.,  the  tem- 
perature of  maxinuiiu  density  of  water.  The*  abbreviation  B.  t.  u.  is  used  in  thia 
volume. 

Caking  coal.  A  term  applied  to  coal  wliich  fuses  together  when  burning — a  coal 
that  is  not  free  ])uriiing. 

Capacity.  A  term  rather  loosely  used  to  denote  the  percentage  of  steam  made,  taking 
as  tlic  ])iisis  (100  \)vr  cent)  tlie  rated  evaporation  designated  by  the  boiler  builder. 

Carbon-  available-hydrogen  ratio.  The  total  carbon  content  of  coal  divided 
))y  (lie  availal)l(*  liydrogeii  (q.  v.). 

Carmon,  fixed.     Sec  Fixed  car))()n. 

Carhon — hydrogen  RATIO  OF  DRY  COAL.  The  total  carbou  coutcnt  divided  by  the 
total  hydrogen  <'ontent. 

Carbon — hydrogen  ratio  of  coal'a.s  fired,"  or  "as  received"  (moist  coal). 
The  total  carbon  content  divided  ])y  the  total  hydrogen  content,  including  the 
hydrogen  of  the  fr(»e  moisture  present. 

Catalyzer.  A  su)>stance  wliose  presence,  among  tlie  substances  participating  in  a 
cliemical  reaction,  hastens  or  retards  tlie  speed  of  the  reaction,  although  the 
nature  and  total  amount  of  catalyzer  present  is  always  the  same  at  the  end  as  at 
the  Ix'ginning  of  tlie  reaction,  so  far  as  can  ])e  detected. 

Cellilose.  A  substance  represented  cliemically  l)y  the  expression  CgllioOs.  It  is 
tlie  basis  of  wood  structure,  (excluding  a  slight  amount  of  mineral  ash  in  the  cell 
walls. 

Clinker.  A  term  used  herein  to  designate  the  more  or  less  molten  portions  of  ash 
(including  some  carbon)  drawn  from  the  grate  and  ash  pit. 

CO.     Abbreviation  for  carl>on  monoxide. 
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COj.     Abbreviation  for  carbon  dioxide. 

Coal,  air-dried.     See  Air-dried  coal. 

Coal,  dry.     See  Dry  coal. 

Coal,  free-burning.     See  Free-burning  coal. 

Combustible.  A  loose  expression  and  misnomer  for  the  phrase  "coal  free  from  mois- 
ture and  ash,"  sometimes  called  "pure  coal."  The  pounds  of  "combustible" 
used  in  every  steam  test  have  been  computed  in  two  ways,  as  follows: 

1.  Item  30:  Obtained  by  subtracting  from  the  total  pounds  of  dry  coal  fired 
the  pounds  of  ash  and  combustible  drawn  out  of  the  ash  pit  and  througli  the  fire 
doors  in  cleaning  the  fire. 

2.  Item  30*:  The  weight  of  the  coal  fired  is  corrected  for  moisture  and  ash  as 
given  by  the  proximate  analysis,  thereby  giving  the  pounds  of  "combustible" 
fired.  From  this  amount  is  subtracted  the  pounds  of  "combustible"  lost  in  the 
refuse,  giving  the  total  pounds  of  "combustible"  actually  ascending  from  the 
grate  during  the  test. 

Two  efficiencies  have  been  figured  from  these  weights  of  "combustible" — 
items  72  and  72*. 

In  this  bulletin  there  are  many  references  to  "code  item  72*. ' '  In  reality  there 
is  no  such  item.  This  72*  item  is  the  one  given  in  the  code  as  item  72,  and  is  the 
comparable  efficiency,  because  with  different  grates  different  amounts  of  coal 
might  drop  into  the  ash  pit  and  in  figuring  72*  corrections  have  been  made  for  this 
loss.     (See  72*  under  "Computations  of  a  steaming  test,"  p.  151.) 

Whenever  the  word  "combustible"  in  this  bulletin  is  in  quotation  marks  it 
means  "coal  free  from  moisture  and  ash."  Quotation  marks  are  employed 
because  the  word  used  in  this  sense  is  a  misnomer,  inasmuch  as  the  oxygen  and 
nitrogen,  and  perhaps  part  of  the  sulphur,  do  not  bum. 

Combustion  chamber.  Strictly,  the  entire  space  between  the  surface  of  the  fuel 
bed  and  the  area  at  which  the  gases  enter  the  boiler;  term  usually  applied,  how- 
ever, to  designate  the  space  between  the  bridge  wall  and  that  area. 

Conduction.  The  process  of  transferring  heat  by  direct  contact;  as  when  heat  travels 
along  a  rod,  or  from  a  hot  stove  lid  to  a  flatiron  resting  on  it. 

Convection.  The  addition  to,  or  removal  from,  a  body  of  heat,  by  gases  or  liquids 
circulating  in  direct  contact  with  the  body;  as  the  removal  of  heat  from  a  steam 
radiator  by  the  circulation  of  air. 

Cones,  Seger.     See  Seger  cones. 

Dissociation.  The  state  of  separation  of  the  molecules  of  a  substance  into  two  or 
more  parts.     A  term  used  herein  to  denote  effects  due  to  high  temperatures. 

Dry  chimney  gases.  In  all  calculations  in  this  bulletin  this  term  includes  CO2, 
O2,  CO,  and  N2  gases. 

Dry  coal.  Coal  which  has  been  dried  in  a  \Qry  finely  powdered  conditi(m  for  one 
hour  at  a  constant  temperature  of  105°  C.  In  the  expression  "B.  t.  u.  per  pound 
of  dry  coal  as  fired,"  however,  the  "dry  coal"  is  computed  from  a  determination 
of  the  moisture  in  the  coal  sample. 

Efficiencies: 

Boiler  and  grate  {'^over-alV')  efficiency,  code  item  73,  denoted  by  E^  is  the  ratio 
of  th(^  lieat  al^sorbed  by  boiler  to  the  potential  heat  of  dry  coal  fired. 

Boiler  efftviemy,  code  item  72*,  denoted  by  E.^„  is  the  ratio  of  the  heat  absorbed 
by  tlie  ])()ih  r  to  th(^  potential  heat  of  combustible  ascending  from  grate.  The 
com))ustible  in  this  item  is  equal  to  the  total  dry  coal  fired,  minus  the  ash  by 
analysis  of  dry  coal,  minus  the  combustible  in  refuse. 

Boiler  efficiency,  code  item  72  (sc  Idom  referred  to  in  this  bulletin),  is  the  same 
as  72*,  except  that  the  combustible  is  taken  to  be  equal  to  total  dry  coal  fired 
iiiiuus  th(»  total  refuse^  determined  by  actual  weighing,  this  total  refuse  being 
combustiiile  and  ash. 

Furnace  efficiency,  or  per  cent  0/  completeness  of  combustion^  denoted  by  E3,  is 
the  ratio  of  the  heat  actually  evolved  in  the  furnace  to  the  potential  heat  of  the 
combustible  ascending  from  the  grate.  ^ 
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Efficienties — Continued. 

True  boiler  efficiency,  denoted  by  E4,  is  the  ratio  of  the  heat  absorbed  by  the 
boiler  to  the  lieat  in  the  gases  which  is  available  to  the  boiler,  counting  only 
that  part  of  the  heat  in  the  gases  as  available  to  the  boiler  which  remains  after 
subtracting  from  the  total  heat  actually  generated  the  amount  which  is  used  in 
heating  the  gases  from  atmospheric  to  steam  temperature. 

Boiler  efficiency  corrected,  denoted  by  E5,  is  the  ratio  of  the  heat  absorWd  by 
the  lx)iier  to  the  heat  actually  evolved  in  the  furnace. 

Thermodynamic  furnace  efficiency  is  the  ratio  of  the  heat  made  available  to  the 
lx>iler  to  the  potential  heat  of  coal  fired. 

Thermodynamic  efficiency  of  boiler  is  the  ratio  of  the  heat  made  available  fur 
engine  or  turbine  to  the  heat  available  to  the  boiler. 

Empirical  formula.  A  formula  expressing  the  actual  relations  between  two  or  more 
variables  and  constants,  but  not  founded  on  known  laws.     Cf .  * '  Rational  formula. '  * 

Endothermic.  An  adjective  describing  a  chemical  reaction  which  can  take  place 
only  by  absorbing  heat  from  the  surroundings  or  by  reducing  the  temperature  of 
the  reacting  matter.     The  opposite  of  exothermic. 

Exothermic.  An  adjective  describing  a  chemical  reaction  which  evolves  heat.  The 
opposite  of  endothermic. 

Fixed  carbon.  A  term  applied  to  that  portion  of  the  carbon  in  a  coal  left  after  the 
' '  volatilization  "  process  of  the  proximate  analysis.  It  is  obtained  by  subtracting 
from  100  the  percentages  of  ash,  moisture,  and  volatile  matter. 

Free-burning  coal.  A  term  applied  to  coal  which  when  thrown  in  the  fire  bums 
without  the  separate  pieces  of  coal  fusing  together.     A  noncaking  coal. 

''Free"  moisture.  Moisture  which  is  driven  off  from  coal  when  subjected  to  a 
temperature  of  105°  C.  (221°  F.)  for  one  hour. 

Gram  molecule.  An  amount  of  a  substance,  in  grams,  numerically  equal  to  the 
molecular  weight  of  the  substance.  For  instance,  a  gram  molecule  of  water  is 
IS  grams,  tlic  molecular  weight  of  wat«  r  being  18  (2  of  hydrogen  and  16  of  oxygen  i. 

Heat,  available.     Sec  Availaiih*  heat. 

Hood.  Thf  inverted  funnel,  usually  about  4  feet  high,  between  the  top  of  the  brick 
setting  an<l  the  bottom  of  the  cylindrical  smokestack.  The  flue  teinperatuns 
and  gas  samples  are  taken  at  the  top  of  the  hood,  and  the  stack  damper  is  just 
a))ove  this  j)oint. 

HvDKOdEN,  available.     /Sfr  Available  hydrogen. 

Hydrocarbon'  tjases  (hydrocarbons).  Gases  which  are  distilled  from  coal  when 
it  is  heated.  They  are  high  in  heating  value,  approximately  1^  times  as  high  in 
B.  t.  u.  per  pound  as  pure  carbon.  They  usually  occur  in  three  forms,  expressed 
by  the  formulas:  C„H„.  (\,H.,n,  and  Cnll.jn+o. 

IcjNiTioN  temperature.  TIk^  iguiticm  temperature  of  a  substance  is  that  tempera- 
ture to  which  it  iiuist  be  mised  in  the  presence  of  oxygen  to  cause  the  two  to  unite 
))y  combustion.  This  temperature  is  rather  indefinite,  as  extremely  slow  unictfi 
Ix^giiis  far  ))elow  the  point  of  rapid  union.  For  any  one  substance  there  an^  gener- 
ally two  tempemtures,  within  perhaps  200°  F.  of  each  other,  at  the  lower  of 
which  the  rate  of  combustion  is  inappreciable  and  at  the  higher  of  which  it  is 
almost  infinite. 

Kinetic  theory  of  oases.  This  theory  jKistulatcs  that  gas(>s  consist  of  immenst^ 
numbei-s  of  individual  molecules  moving  among  each  other  with  enormous 
veloeiti(  s.  The  sum  of  tlu^  molecular  impacts  agiunst  the  sides  of  a  containing 
vessel  const  it  utes  the  pressure  of  a  gas.  Raising  the  temperature  of  a  gas  incn^a5i  s 
the  molecular  speed,  and  consc^iuently  the  frirce  of  impact. 

Mass  action,  law  of.  The  speed  of  a  chemical  reaction  is  proportional  to  the  prxHl- 
uct  of  the  weights  of  reacting  substances  i)resent,  in  unit  volume,  the  weight  of 
each  substance  being  expressinl  in  gram  moh^cules. 

Moisture,  "free."     Sec  "Free"  moisture. 
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O2.     Abbreviation  for  oxygen  (one  gaseous  molecule). 

Orsat  apparatus.  An  instrument  for  determining  the  percentages  of  carbon  dioxide, 
oxygen,  and  carbon  monoxide  by  absorbing  them  successively  in  certain  solutions. 
(See  text-books  on  gas  analysis.) 

Potential  heat.     A  term  applied  to  the  heat  in  coal  as  determined  by  a  calorimeter. 

Probability  curve.  The  graphic  plotting  of  a  certain  mathematical  equation 
expressing  the  likelihood  of  a  quantity  being  more  or  less  different  from  what  it 
''ought"  to  be.     (Seep.  158.) 

Proximate  analysis  of  coal.  An  empirical  method  of  determining  the  percentage 
of  "free"  mcristure,  of  "volatile  matter,"  of  "fixed  carbon,"  and  of  ash  in  coal. 
The  method  of  determination  varies  somewhat  with  different  chemists. 

Pyrometer.     An  instrument  for  measuring  high  temperatures. 

Radiation.  The  process  of  transferring  heat  through  space  from  one  body  to  another 
without  the  aid  of  tangible  substance — for  example,  the  transfer  of  heat  from  the 
sun  to  the  earth. 

Rational  formula.  A  formula  deduced  from  fundamental  laws,  as  of  physics.  Cf. 
*  *  Empirical  formula . ' ' 

Refuse.  Clinker,  ash,  and  unconsumed  coal  taken  from  the  ash  pit  and  pulled  out  of 
the  furnace  when  cleaning  fire. 

Seger  cones.  Small  pyramids  made  of  various  chemicals  variously  mixed.  The 
temperatures  of  softening  of  the  different  cones  are  fairly  well  known.  Several 
of  them  are  put  into  a  furnace  in  a  row,  each  having  a  melting  point  intermediate 
between  its  neighbors.  By  watching  the  curling  over  of  the  tips  one  can  form  a 
fairly  correct  estimate  of  the  average  temperature. 

Stefan  and  Boltzmann's  law.  The  amount  of  energy  radiated  by  a  black-body 
surface  to  another  body  is  proportional  to  the  difference  of  the  fourth  powers  of 
their  absolute  temperatures. 

Straight-line  function.  A  value  changing  directly  or  inversely  with  a  variable,  so 
that  if  simultaneous  values  are  plotted  on  coordinate  paper  the  points  would  lie 
in  a  straight  line. 

Temperature,  absolute.     See  Absolute  temperature. 

Temperature,  ignition.     See  Ignition  temperature. 

Temperature  gradient.  As  used  in  this  bulletin,  any  continuous  change  of  tem- 
perature along  a  body  actively  conducting  heat. 

Ultimate  analysis  of  coal.  A  chemical  analysis  so  made  as  to  give,  in  percentages, 
the  amounts  of  carbon,  hydrogen,  oxygen,  nitrogen,  and  ash  in  a  dry  coal.  The 
sulphur  is  separately  determined. 

"Unaccounted-for  loss."  That  percentage  of  the  potential  heat  of  a  combustible 
which  remains  after  deducting  all  the  known  expenditures  of  heat. 

Velocity.  A  term  loosely  applied  to  the  speed  of  a  chemical  reaction — for  example, 
combustion.  It  is  proportional  at  any  instant  to  the  rate  of  formation  of  new  sub- 
stance by  the  reaction. 

Volatile  matter  from  proximate  analysis,  or  "volatile  combustible  matter,"  as  it 
is  often  incorrectly  termed,  is  the  mixture  of  gases,  together  with  some  particles 
of  carbon,  driven  off  when  a  sample  of  finely  ground  coal  is  heated  in  a  closed 
vessel.  This  is  an  arbitrary  determination,  dependent  on  the  operator  and  the 
conditions  under  which  it  is  made.  A  committee  from  the  American  Chemical 
Society  has  suggested  a  method  of  volatilization  which  is  generally  followed. 
This  method  gives  fairly  concordant  results  when  the  same  operator,  using  the 
same  apparatus,  makes  duplicate  determinations  on  the  same  sample  of  coal. 

Volatile  carbon.  A  name  given  to  that  part  of  the  carbon  in  coal  which  is  expelled 
in  the  process  of  volatilization  by  the  "standard  method"  of  proximate  analysis. 
It  exists  in  the  "volatile  matter"  resulting  from  distillation,  largely  in  combina- 
tion with  hydrogen  as  gaseous  hydrocarbons. 

Water  op  composition.  A  fictitious  value  determined  by  uniting  the  total  oxygen 
in  dry  coal  with  such  a  part  of  the  hydrogen  as  would  be  required  to  form  water. 
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minus    steam,    relation    of, 

to  rated  capacity 137 

velocity  of,  ratio  of,  to  com- 
bustion-chamber tem- 
perature,    relation     of, 

efficiency   E.-,  to 141-142 

ratio  of,  to  combustion- 
chamber  temperature, 
relation  of  elficlency  Er, 

to,   figure  showing 141 

relation  of,  to  heat  absorp- 
tion        100-110. 

113-118,  13o-i::j 
to  heat  ab.sorptlon,  fig- 
ure showing ]:;i 

volumetric  composition   of «;i 

(Ilos.sary 18<>-ls:5 

(Jram  molecule,  definition  of IS2 

(Irate,  function  of r>9 

(ireen,  i\  II..  work  of lo 

H. 

Heat,  absorption  of 95—149 

al)sorption   of.      Sec  alxo   Holler, 
absorption  of  heat   by  ; 
Roiler   efficiency, 
availability    of.    relation    of,    to 

draft 1,39 

relation  of.   to  draft,  figure 

showing    iHs 
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Heat,  evolution  of 1»3-1)4 

rate  of 13-18 

relation  of,  to  efficiency 

72* 15-17 

to    efficiency    72*, 

figure  sliowing         14 
to      fiue-gns      tem- 
perature           14 

figure  showing         13 
to  various  losses__   13-15 
figure  sliowing  13 
to  rated  capacity.         13 
figure  showing         14 
relation  of  combustion- 
chamber  temper- 
ature to 10-20 

figure  showing 20 

relation    of    carbon-hy- 
drogen ratio  to_  73 

figure  showing 71 

relation  of,  to  completeness 

of  combustion 94 

to  completeness  of  com- 
bustion, figure  show- 
ing             1)3 

Sec    also    Combus- 
tion,     complete- 
ness of ;  Furnace 
efficiency  E3. 
-to    combustion-chamber 
temperature,      figure 

showing    03 

to  efficiency  72* 03-04 

figure  showing 03 

to  gas  evolution 04 

figure  showing 03 

to  rated  capacity 04 

figure  showing 03 

loss  of,  unaccounted  for,  defini- 
tion   of 1S3 

unaccounted  for,  estimation 

of     150-158 

explanation   of 64 

relation      of,      to     ash 

passing  over  wall-   168-100 
relation  of  oombustion- 
chaml)er  temperature 
to 03 

figure  showing 03 

relation     of     efficiency 

72*    to 137 

figure  showing 138 

relation  of  rate  of 
combustion  to 12 

figure  showing 12 

relation     of     rate     of 

heat  evolution  to 14 

figure  showing 13 

relation  of  smoke  to 56-57 

figure  showing 50 

plus  loss  up  stack,  re- 
lation of  combus- 
tion-chamber temper- 
ature  to 20-21,  63 

8400— Bull.  325—07 13 
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Heat,   loss  of,  unaccounted  for,  plus 

loss  up  stack,  relation 

of    combustion-chamber 

temperature    to,    figure 

showing 21-63 

loss    of,    unaccounted    for,    plus 
loss  up  stack,   relation 

of  heat  evolution  to 14 

unaccounted  for.  plus  loss 
up  stack,  relation  of 
heat        evolution        to, 

figure    showing 13 

up    stack,    relations    of,    to 

rate   of   combustion-   11-13 
relations  of.  to  rate  of 
combustion,        figure 

showing 12 

to     rate     of     heat 

evolution 14-15 

figure      show- 
ing    13 

relation  of  combustion- 
chamber  temperature 

to 63 

figure  showing 63 

relation  of  rate  of  heat 

evolution   to 14-15 

figure    showing 13 

transmission    of,      Sec    Boilers, 
absorption   of  heat  by. 

Heat,  available,  definition  of 180 

Heat  balanpe.  forms  of 130 

forms  of»  discussion  of 1.30-141 

Hood,  definition  of 182 

Hydrogen,  available,  definition  of 180 

relation  of,  to  efficiency  72*___  83 
to     efficiency     72*,     figure 

showing 84 

to  flue-gas   total 165-166 

relation  of  smoke  to 57 

figure  showing 56 

Sic  also  Coal  as  received ;  Coal, 
dry. 

Hydrogen-available    hydrogen    ratio. 
See   Coal   as   received ; 
Coal,  dry. 
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Ignition  temperature,  definition  of 182 

Illinois  coal,  smoke  test  of 57 

tests    on 40-50 

use     of,     in     high  -  temperature 

work  159-160 

Xo.  6B,  smoke  test  of 58 

No.  7C,  carbon -hydrogen  ratio  of-  72.  78 

No.  7D,  carbon-hydrogen  ratio  of_  72.  78 

No.  9B,  carbon-hydrogen  ratio  of  _  72,  78 

No.  11  A,  carbon-hydrogen  ratio  of-  72,  77 

No.  lie,  smoke  test  of 58 

No.  12,  carbon-hydrogen  ratio  of —  72,  78 

No.  13,  carbon-hydrogen  ratio  of —  72,  77 


Illinois   crml.    So.    H.    carbon-hydr.]- 

K'n  ratio  of 7 

Xo.  Ill,  iiirij"n-h]fiirn(rMi  Tiirlo  or.-  " 

No,  fs,  I'imion-hj-droBPn  ralio  of.-  1 

Xo.  1!IA.  ..I rli.iFi.hydr<tw*n  rallo  of.  1 

Xo,  mil,  turiwn-hritrijgrn  rallo  of_  ', 

No.  ;!CJ,  airlKtn-brdrutiro  ratio  o(._  1 

No.  ai,  'TSTlion  hj'dmtn-n  ratio  of__  ' 

smoke  r.*!  o( 

Xa  ■J-J.y.  ciiriHin.ti}<lr<ii:<'n  riff"  cif  ' 

Nu.  'MIA,  curlHin-hydruKpn  rntiu  "I-  '• 

Hiiioke  Iwl  o( __ 

Xi>.  :!4R.  cafhnD-hrdroicn]  r.itio  of.  'i 

No.  J.l,  I'urlioii-hydrum'ii  ratio  of..  '• 

KDIokc  tPHt  of. 

Nil.  ::a,  fliitraa-lijslTOitm  I'niio  of..  7 

Nil.  L!T.  rnrbofirhydrDBni  rnllo  iif__  7 

Iniliniuk  will,    nuifce  ten    of 

Nil.  .'t.  (-urinn'hfdroitva  nitln  of 7 

Nil.  4,  <'ar)M>ii-hydroEcn  ratio  of 7 

Xo.  .'>,  e.irtitpn-hrflroKPii  rHllo  ot —  7 

No.  li,  carboB'bj^Mireti  rallo  of T 

Su.  'X  flKbon-liyilrofiPn  ratio  of-  7 

Xo.  7H.  carbon- hydrogpR  ratio  of-  7 

Xu.  n.  carboD-bj-droicen  ratio  of —  7 
Xo.  iill.  i-arlion-hydroftfii  ratio  of. 

No.  10.  caplMin-hydroRtrti  rallo  of..  7 
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Xo.  1.  I'nilwn-hj'droBMi  ratio  of..  71t.  78 
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lydrniw: 
iKiii-liydroki-n 

:»ii-hy(li'uKPn 


Hin-Uyiiiown   r.iii 
Pl-r.     H,T   I'yrom 
s,  dWlnlllnn  of.. 

;-■ 

.  ri'inlion  of  ettlc 

.■IKT 

f    (Tncleni-y    7:;* 
t-inv   sliiiwlny... 

anri. 

ii-ii'S.  oxyitpn  in. 

INDEX. 


195 


Pajro. 
Pennsylvania    coal     No.    8,    carbon- 
hydrogen  ratio  of 71,  77 

smoke  test  of !_         58 

No.  10,  carbon-hydrogen  ratio  of 72.  77 

Perry,  John,  formulas  of 108-112 

formulas    of,     temperature    test 

of  132-134 

Pope,  O.   S„  work  of 10 

Post,  R.  H.,  work  of 10 

Potential  heat,  definition  of 183 

Probability  curves,  definition  of 158- 

159.  183 

figure  showing 158 

relation  of.  to  efficiency  72* __  146-140 
to     efficiency      72*,      figure 

showing 147 

to     true     boiler      efficiency 

Ki 146-140 

figure   showing 147 

Proximate  analysis,  definition  of 183 

l\vrltes,  nature  and  occurrence  of 38 

Sec  also  Sulphur. 

Pyrometer,  optical,  check  by 132-134 

check   on 0 

description    of 52-53,  183 

figure   showing 19 

temperatures  by,  check  on 55,  100 

check  on,  figure  showing 55 

I'yrometry,  discussion  of 52,  55 

R. 

Radiation,  definition  of 183 

estimation   of 143-146 

Randall,  D.  T..  work  of 7 

Rated    capacity    developed.     Sec   Ca- 
pacity, rated. 

Rational  formula,  definition  of 183 

Ray,  W.  S.,  Introduction  by 9-11 

work  of 7,10-11 

Refuse,    clinker    and    combustible   In, 

relations   of 38 

clinker    in 28-.38,  40-41 

causes   of „         34 

prevention  of.  by  method  of 

burning 43 

by    limestone 39 

by  steam  jet ,38-39 

relation      of,      to     chimney 

gases    produced 44 

to  chimney  gases  pro- 
duced, figure  show- 
ing    36 

to    combustion-chamber 

temperature 44 

figure   showing 30 

to  elliciency   72* 44 

to  rattnl  capacity,  fig- 
ure   showing 36 

to  size  of  coal 40-41 

relation  of  ash  and 36,39 

relation  of  ash-sulphur  ra- 
tio to 38 

relation  of  carbon-hydro- 
g«'ii  ratio  to.  figure 
showing    37 


Page. 
Refuse,  clinker  in,  relation  of  carbon 

monoxide  and 35 

clinker  In,  relation  of  efficiency 

to 28-29, 

31,  35 
relation  of  efficiency  to,  fig- 
ure showing .",0 

relation  of  Iron  to 35,  38 

relation  of  size  of  coal  and_       35- 

36,  47 

figure  showing 

relation  of  sulphur  to 39.  44 

combustible  In,  relation  of  clink- 
ers to 38 

definition  of 1S3 

Revolutions  per   minute,   relation   of 

rated  capacity  and 16,  163 

relation  of  rated   capacity  and, 

figure  showing 163 

Rhode  Island  coal,  smoke  test  of 57 

No.   1,  smoke  test  of 58 

Ryder.  G.  E.,  work  of 10 

S. 

Scale,   Insulation  of  water  In  boiler 

by 125-126 

Seger  cones,  definition  of 183 

Slack  coal,  utilization  of .'»0-51 

Smith,  L.  II.  H.,  on  clinkers 38 

Smoke,  discussion  of 56-58 

relation  of,  to  efficiency  72* 56 

to     efficiency     72*.      figure 

showing 56 

to  CO  In  combustion  cham- 
ber    167 

to  CO  In   flue  gases 57 

figure   showing 56 

to  combustion-chamber  tem- 
perature   57 

figure  showing 56 

to  fixed  carbon 57 

figure  showing 56 

to  hydrogen  in  combustible  57 

figure  showing 56 

to  oxygen  in  coal 57 

figure  showing 56 

to  rate  of  combustion 176 

to  unaccounted-for  loss 56-57 

figure  showing 56 

Soot.   Insulation  by 125-126,  176 

Stack    loss.      ^S'rr    Heat,    loss    of,    up 

stack. 
Steam,     Imbbles    of,     formation     of, 
effect      of,      on      heat 

transmission 125  126 

Steam,  low  pressure,  use  of 102-105 

Steam  jet,  prevention  of  clinkers  by_  38-39 
Steaming,  rate  of.  effect  of,  on  circu- 
lation of  water 16,  163 

rate  of,  effect  of,  on  circulation 
of  water,  figure  show- 
ing   16 

Stephan  and  Bolzmann's  law,  state- 
ment of 112,  1S3 

Stowe.  L.  R.,  work  of 10 

Straight-line  function,  definition  of_  183 
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Pago. 
Sulphur,  relation  of,  to  chimney-gas 

evolution 44 

relation  of.  to  chimney-gas  evo- 
lution, figure  showing 4.3 

relation  of,  to  clinkering 38-39,  44 

to  combustion-chamber  tem- 
perature          44 

figure  showing 37 

to  completeness  of  combus- 
tion          44 

figure  showing 43 

relation  of  efficiency  7i'*  and__  28-31, 

43-44.  ITG 
figure  showing 30,  43 

T. 

Temperature.     Sec     Furnace ;     Com- 
bust ion      chamber; 
Gases ;    etc. 
Temperature,  absolute,  definition  of_       180 
Temperature,  ignition,  definition  of_       182 
Temperature,    initial.     Set.'    Furnace, 
initial  temperature  of. 
Temperature  gradient,  definition  of—        183 

I'ennessee  coal,  smoke  test  of 57 

No.  1,  carbon-hydrogen  ratio  of 72,  78 

No.  2,  carl)on-liydrogen  ratio  of —   72,  77 

No.  3,  carbon-hydrogen  ratio  of 72.  78 

No.  4.  carbon-hydrogen  ratio  of__  72,  78 
No.  r»,  carb«in-hydrogen  ratio  of__  72.  77 

smoke  test  of .'»8 

No.  6.  carbon-hydrogen  ratio  of —  72,  77 

smcke  test  of 58 

No.  7  A,  carl)on-bydro;:en  ratio  of_  72,  78 

No.  8  A,  smoke  tost  of TtH 

No.  8  H,  smoke  test  of 5s 

No.  0.  carbon-hydrogen   ratio  of__   72.  77 

smoke   test  of 5s 

Tests,  data  of,  relations  of 11-5S 

object   of 7 

repetitjou  of,  efTect  of 31-32 

unreliability  of 0 

Texas  coal,  smok«»  test  of 57 

No.  4,  clinker  In 31 

smoke   test   of. 5s 

Thermodynamic  etficiencies,  definition 

of 05-1)7,  182 

figure  showing !»!> 

Thermoelectric     couple.      d«»scri[)tion 

of .~.'> -5.1 

Tiles,  tube,  forms  of H;4 

Tubes.  l)oller,  absorption  of  beat   by. 

Increase  in 124-125 

absorption  of  heat  by,  variation 

in 121-125 

varintion    in,    figures    sh«)w- 

ing 12!'..  124 

Incasing  of    104 

AVff  also  I'oiicrs. 

Turbines,  low-pressure  steam   in lO:*.- 

105.  17S 


^as:e. 


105 


Turbines,  low-pressure  steam  In, 
figure  showing 

True  boiler  efficiency.  See  Boiler 
efficiency  E4. 


Ultimate  analysis,  definition  of 18.3 

I'naccounted  for  loss.     Src  Heat,  loss 

of,  unaccounted  for. 
Utah  coal,  smoke  test  of 57 

V. 

Velocity,  definition  of 183 

Virginia  coal,  smoke  test  of. .         57 

No.  1  B,  carlwn-hydrogen  ratio 72 

No.  2,  carbon-hydrogen  ratio  of 72,  77 

No.  3,  carbon-hydrogen  ratio  of 71,  77 

No.  4,  carbon-hydrogen  ratio 72 

clinkering  of 38-39 

Volatile  carbon,  definition  of 59,  183 

Volatile  matter,  definition  of 183 

nature  of 59 

See  also  Carbon,  volatile;  Com- 
bustible. 


'W. 


Wanner  pyrometer.    See  Pyrometer. 
Wartenberg,  Doctor,  on  dissociation 

of  gases 153-164 

Washington  coal,  smoke  test  of 57 

No.  1  B,  carbon-hydrogen  ratio  of-  78 

clinker   In 34 

N«).  2,  carbon-hydrogen  ratio  of 72,  78 

Water  circulation.    Sec  Boilers,  water 

circulation  In. 
Water  of  composition,  definition  of._        183 

Wrcks,  H.   W.,  work  of 7.  10 

West  Virginia  coal,  smoke  test  of 57 

No.  13.  carbon-hydrogen  ratio  of__    72.  77 
No.  14.  carbon-hydrogen  ratio  of__   71.  77 

clinkering    of 38-.30 

No.  15,  carbon-hydrogen  ratio  of 72,  77 

clinkering  of 3S-.3!i 

No.  17.  carbon-hydrogen  ratio  of 71,  77 

No.  18.  carbon-hydrogen  ratio  of 71.  77 

No.  10,  carl)on-hydrogen  ratio  of__   71,  77 
test    of.    temperature   of,    figure 

showing 18 

smoke  test  of .58 

No,  20,  carbon-hydrogen  ratio 72.  77 

No.  21,  carbon-hydrogen  ratio  of 72.  77 

smoke   test   of 58 

Wind,  effect  of.  on  efficiency  72* _   107-16S 

Wyoming  coal,   smoke  test  of 57 

No.  2  B.  clinker  in .34 

carbon -hydrogen  ratio  of 72.  7S 

smoke  test  of 5s 

.No.  3.  carbon-hydrogen  ratio 72,  78 

smoke  test  of 58 
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